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Translator's  Note 

The  authors  use  the  terms  "seignettoelectric"  and 
"seignettoelectricity"  [by  analogy  with  the  properties  of 
Seignette's  salt]  instead  of  "ferroelectric”  and  "ferro- 
electricity",  and  explain  their  reason  for  doing  so  in  the 
third  paragraph  of  chapter  1.  However,  because  Seignette's 
salt  is  only  one  of  dielectric  materials  (the  others  being 
Rochelle  salt,  potassium  dihydrogen  phosphate,  barium  titanate, 
etc.)  exhibiting  spontaneous  polarization  and  hysteresis  be¬ 
tween  polarization  and  field  and  to  conform  to  the  usage  in 
English-language  sources  the  translator  has  used  the  terms 
"ferroelectric"  and  "ferroalectricity 


ERRATA 


-j  Cmp+* 
”  mm* 

dmrm,  <UBt  I 

| 

T 

a 

fa 

i 

r 

34 

OopHy.ia 

*p 

40 

OcpMVAl 

(3.  42) 

n" 

45 

•srar 

pin. 

55 

(3.53 

<#!>i 

1  , 

2 

q 

63 

5  cany 

77 

<X>OpWY.lll 
(3. 130) 

TR5T — ** 

Vu»  ”  '* 

«S 

Qopuv.ia 

N.; 

(4.4*) 

95 

OopMV.’ia 

(4.45! 

i/- 

V- 

85 

V 

eh  X"!! 

•;b  mi 

<oe 

|  K  e»*iy- 

!» 

G* 

15 0 

Oopny.ii 

(5.81V 

♦t~*  + 

559 

•gar 

R 

•SO 

IS  «  93  - 

5 

R 

csepz/ 

fl-H,(i  +  *n 

183 

35  cmy 

6 

/» — (r — •> 

174 

Oopiyai 

(5.118) 

*v 

•4 

Key:  (1) 
(2) 
{3) 
(4) 


Page 

Line  or  formula 
5  from  the  bottom 
10  from  the  bottom 


(5)  13  and  23  from  the  top 

(6)  25  from  the  bottom 

(7)  Printed 

(8)  Should  be 


Translator's  note:  Correct  expressions  were  used  where  errors  occurred 
the  Russian  text  rather  than  in  numbered  formulas. 


> 


UNCLASSIFIED 


Worlty  _ _ | 


( 

i'trroelectricity 
Ferroelectric  Material 
Mussbauer  effect 
Solid  State  Physics 
Diagnostic  Methods 
Electrooptic  Effect 
Magnetic  Domain  Structure 

SUBJECT  CODE:  20,  14 
COUNTRY  CODE: 


UDC  537.226.23 

FERROELECTRICS  AND  ANTIFERROELECTRICS  (Book  by  G.  A,  Smolenskiy 
et  al.)j  Nauka  Publishing  House,  Leningrad  Branch,  Leningrad, 

1971,  pp  1-476 

Abstract 

The  book  is  devoted  to  a  systematic  description  of  phys¬ 
ical  phenomena  in  ferroelectrics  and  antiferroelectrics.  Seri¬ 
ous  attention  is  given  to  thermodynamic,  dynamic  and  model  the¬ 
ories  of  ferroelectricity ,  which  are  set  forth  in  a  form  under¬ 
standable  to  a  wide  range  of  readers.  Results  of  experimental 
studies  and  their  correspondence  to  theoretical  respreser.tatjons 
are  discussed -in  detail  using  several  of  the  most  typical  ferro¬ 
electrics  as  an  example.  Considerable  space  is  set  aside  for  the 
study  of  ferroelectrics  with  the  aid  of  new  methods:  radiospec¬ 
troscopy,  Messbauer  effect,  scattering  of  slow  neutrons,  elec¬ 
trooptics,  etc.  A  review  of  ferroelectric  and  antiferroelectric 
materials  is  given  including  ferroelectrics  with  magnetic  order¬ 
liness  and  with  a  blurrad  phase  transition.  The  book  is  in¬ 
tended  for  engineers,  scientific  workers,  for  graduate  and  upper- 
class  undergraduate  students  studying  problems  of  sclid  state 
physics,  problems  of  radio  electronics,  electroacoustics,  etc. 

Bibliography  of  1,983  titles,  189  figures,  33  tables. 


FOREWORD 


.  Ferroelectricity  is  a  young  section  of  solid  state  ohys- 

ics  which,  however,  has  already  gained  a  firm  foothold  The 
interest  m  it  is  very  great.  This  is  explained  on  one  hand  by 
the  importance  of  physical  problems  in  the  field  of  ferrcelec- 
tncity  and  on  the  other  —  by  the  ever  increasing  practical 
application  of  ferroelectrics. 


Ferroelectrics  are  characterized  by  a  high  specific  induc¬ 
tive  capacitance,  a  high  piezomodulus,  by  the  presence  of  dielec¬ 
tric  ysteresis  loop,  by  interesting  electrooptical  properties, 
and  are,  therefore,  widely  used  in  many  fields  of  present-day 
engineering:  radio  engineering,  electroacoustics,  quantum  elec¬ 
tronics  ana  measuring  technique.  Ferroelectronics  are  used 
for  making  small-sized  capacitors,  piezoelements,  pyroelectric 
raaiant-energv  receivers,  nonlinear  capacitive  elements,  posi- 
stors,  laser-radiation  modulators,  parametric  generators,  etc. 


The  flow  of  works  on  ferroelectricity  physics  increases 
every  every  year  and  the  processing  of  information  contained  in 
them  is  an  important  task.  Under  these  conditions,  periodic  gen¬ 
eralization  and  evaluation  of  results  achieved  in  this  area  of 
physics  are  very  desirable. 


A  number  of  books  on  ferroelectricity  physics  have  been 
published  at  the  present  time:  Kentzig's  survey  (1957),  a  book 
small  in  volume  by  Megaw  (1957),  a  fundamental  monograph  by 
Jona  and  Shirane  (1962),  a  book  by  Martin  with  a  stress  on  ap¬ 


plication  (1965),  a  book  by  Boerfut  (1967),  a  small  monograph 


by  Fatuzzo  and  Merz  (1967),  a  book  by  Zheludev  (1966).  a  popular- 
science  book  by  Smolenskiy  and  Kraynik  (1969),  etc.  The  mono¬ 
graph  by  Jona  and  Shirane  and  Kentzig’s  survey  have  been  trans¬ 
lated  into  Russian. 


The  works  cf  the  Soviet  scientists  are  insufficiently 
illuminated  in  these  publications  but  their  role  in  the  develop¬ 


ment  of  ferroelectrivity  Dhysics  is  great.  The  most  important 


stages  of  development  of  this  field  of  science  are  connected 
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with  the  names  of  I.  V.  Kurchatov,  B  A.  Vul  and  V.  L.  Ginzburg. 
I.  V.  Kurchatov  investigated  in  detail  for  the  first  time  the 
properties  of  Seignette's  salt  and  laid  down  the  fundamentals 
of  ferroelectricity  physics.  B,  M.  Vul  discovered  and  inves¬ 
tigated  ferroei  ecti  ..v  properties  of  barium  titanate  —  represert- 
ative  of  a  nr  -  :lass  of  ferroelectrics.  This  discovery  played 
a  decisive  n  .*  m  the  development  of  ferroelectricity  physics 
and  in  the  application  of  ferroelectrics  in  engineering.  V.  L 
Ginzburg  developed  thermodynamic  theory  and  ia^d  down  the  funda¬ 
mentals  of  dynamic  tneory  of  ferroelectricity.  A  .large  number 
of  ferroelectrics  and  antiferroelecurirs  with  different  crystal¬ 


line  structures  have  been  discovered  i:  the  Soviet  Union.  The 
Soviet  scientists  investigated  in  detail  the  physical  properties 
of  many  ferroelectrics,  -they  applied  symmetry  tnecrv  to  the 
ored  cti^n  of  characteristics  of  ferroelectric  state,  and  suc- 
'essiyll/  utilized  the  latest  methods  of  physical  experiments 
■  ives^ I jation  of  fen. oelectric  phenomena. 

?r.  i  of  thi  ;  book  is  setting  forth  the  fundamentals 
f  ferro*.  t  icity  physi  s  and  discussion  of  its  present-day 
s.3te.  •  icing  in  advance  the  entire  complexity  of  this  task 
the  authors  accomplished  it  using  a  large  group.  Nevertheless, 
apparently  the  number  of  cUthors  is  as  yet  rot  sc  large  as  to 
have  a  negative  effect  on  the  quality  of  the  book.  In  any  case, 
evt,  .hing  possible  vias  done  during  its  writing  in  order  that 
the  authors*  individuality  would  not  interfere  with  the  integ- 
r:  rfy  of  t:  e  presentation. 

In  essence  the  book  is  an  assemblage  of  thematically  in¬ 
terconnected  survey  (in  some  cases  quite  detailed!  chapters 
which  throw  light  on  different  sections  of  ferroelectric  ana 
antixerroelectric  physics. 

Chanter  1  is  devoted  to  a  description  of  basic  pheromena 
in  ferroelectrics.  An  idea  of  special  features  of  ferroelec¬ 
tric  phase  transitions  of  the  1st  and  2nd  kind  is  given.  Break¬ 
ing  up  of  crystals  into  domains  and  also  behavior  o.  ierroelec- 
trics  in  strong  fields  are  examined.  Classification  of  ferro¬ 
electric?.  according  to  the  type  of  chemical  bond  is  given,  con¬ 
cept  of  antif erroelectr ics  is  also  given.  A  semiempinca-.  cri¬ 
terion  of  the  appearance  of  ferroelectricity  is  examined  m  con¬ 
clusion. 

Chapter  2  gives  information  on  crystalline  structure  of 
the  most  important  ferroelectrics.  Using  them  as  an  example 
ferroelectric  phenomena  are  discussed  in  later  chapters,  con¬ 
ditions  for  the  existence  of  perovskite-type  structure  in  wh^r. 
barium  titanate  and  many  other  ferroelectrics  crystallize  are 
examined.  Phase  transitions  in  BaTiO,  anv.  displacements  oi  ion^ 

in  these  transitions  are  described.  Crystalline  structure  of 
potassium  dihydrophosphate,  trigxycme  phosphate,  Seigne*te  - 
salt  and  sodium  nitrite  are  discussed. 
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Chapters  3-6  set  forth  theory  of  ferroelectric  phenomena. 
The  authors  strove  to  illuminate  it  sufficiently  completely  and 
in  a  form  understandable  to  a  wide  range  of  readers.  Chapter  3 
sets  forth  thermodynamic  theory  based  on  Landau  and  Ginzburg 
general  theory  of  phase  transitions.  In  addition  to  this,  a 
new  and  fruitful  direction  of  theory  connected  with  the  use  of 
concepts  of  critical  indices  and  with  similarity  relationships 
is  examined.  Theoretical  description  of  a  number  of  properties 
of  ferroele .'•tries,  including  nonlinear  effects,  is  also  given. 

Chapter  4  is  devoted  to  microscopic  model  theories. 

Both  comparatively  early  model  representations  (model  of  local 
minima,  model  of  anharmonic  oscillators,  Janes  electron  theory, 
etc.)  which  have  not  lost  their  significance  are  set  forth, 
and  recently  published  works  in  which  problems  of  ferroelec- 
tricity  are  analyzed  with  the  aid  of  Ising  model,  Bogolyubov 
method,  within  the  framework  of  pseudo-Yang-Teller  effect,  with 
the  aid  cf  isospin  method,  etc-  In  doing  so,  the  authors  en¬ 
deavored  to  trace  historical  lines  of  development  of  model  the¬ 
ories,  connection  between  them,  to  compare  model  theories  with 
dynamic  approach  to  the  problem  of  ferroelect-rieity  and  to 
draw  attention  to  the  similarity  of  some  of  their  most  important 
propositions. 


Chapter  5  sets  forth  dynamic  theory  of  ferroelectricity 
Oased  on  Ginzburg’s  ideas  developed  later  by  Arderson,  Cochrane 
and  others.  It  examines  dynamic  theory  of  Born-Karman  crystal 
lattices,  sets  forth  the  fundamentals  of  theoretical  group 
analysis  of  vibration  spectra  necessary  for  interpretation  of 
experimental  data,  and  gives  results  of  calculations  of  vibration 
spectra  of  actual  ferroelectric  crystals.  The  main  attention 
is  devoted  to  the  connection  of  ferroelectric  transition  with 
the  loss  of  stability  of  crystal  lattice  relative  to  one  of 
its  vibrations  ("soft  mode"),  and  some  of  the  effects  caused 


by  the  presence  of  "soft  mode"  are  also  examinee 


Chapter  6  is  in  essence  a  theoretical  group  supplement. 
Its  aim  is  to  make  understandable  to  a  wider  range  of  readers 
the  problems  connected  with  the  application  of  symmetr,  theory 
ar.d  set  forth  rhant.ers  v~5.  15.  etc. 


Chapter  7  is  devoted  to  a  description  of  domain  struc¬ 
ture  of  ferroelectries.  Causes  of  the  formation  of  domains 
are  analyzed.  Representations  of  domain  walls  are  briefly 
examined.  A  description  of  domain  structure  of  some  of  rerro- 
electrics  is  given  and  also  a  description  of  methods  of  detect¬ 
ing  the  domain  structure. 
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Chapter  3  examines  temperature  dependences  of  spontane- 
ous  polarisation  of  several  of  the  most  typical  ferroelectrics 
and  also  repolarization  processes.  Nonlinear  electric  prop¬ 
erties  brought  about  by  repola’-ization  are  also  described  here. 

Chapter  9  is  devoted  to  polarization  of  ferroelectrics 
if  !„!S ,el?ctric  field.  It  discusses  temperature  dependences 
oi  specific  inductive  capacitance  and  losses,  nonlinearity  in 
paraelec trie  phase,  reversible  characteristics,  and  dispersion 
of  specific  inductive  capacitance. 


Electromechanical  properties  of  ferroelectrics  are  ex¬ 
amined  in  chapter  10.  General  relationships  connecting  piezo¬ 
electric  coefficients  with  electrostri ctive  coefficients, 
spontaneous  polarization  and  dielectric  susceptibilities  are 
derived  for  ferroelectrics  not  having  piezoelectric  effect  in 
paraelectric  phase.  A  description  of  electromechanical  prop¬ 
erties  of  barium  titanate  and  triglycine  sulfate  is  given. 
Electromechanical  properties  of  ferroelectrics  having  piezo¬ 
electric  effect  in  paraelectric  phase  are  discussed  using  po¬ 
tassium  dihydropnosphate  and  Seignette's  salt  as  an  example.  Ex¬ 
perimental  data  on  internal  friction  and  absorption  of  ultra¬ 
sound  in  ferroelectrics  are  briefly  cited  at  the  aid  of  the  chapter. 

Chapter  11  is  devoted  to  electrcoptical  and  certain 
other  nonlinear  optical  phenomena  in  ferroelectrics.  General 
concepts  of  such  nonlinear  optical  effects  as  electrooptical 
effect,  generation  of  harmonics,  and  of  their  characteristics 
in  ferroelectrics  are  given  in  this  chapter.  Data  on  nonlin¬ 
ear  optical  properties  of  the  principal  ferroelectric  materials 
are  cited. 

Thermal  properties  of  ferroelectrics  are  described  in 
chapter  12.  Thermal  anomalies  at  the  Curie  point  are  examined 
using  several  compounds  as  an  example,  and  a  few  —  for  the 
time  being  —  experimental  data  on  thermal  conduction  and 
electrocalorif ic  effect  are  cited. 

The  effect  of  external  actions  (of  electric  field  and 
hydrostatic  pressure)  on  ferroelectric  phase  transition  is 
discussed  in  chapter  13. 

Chapter  14  describes  studies  of  ferroelectrics  using 
the  methods  of  electronic  paramagnetic,  nuclear  magnetic  and 
nuclear  quadrupole  resonances,  and  with  the  aid  of  Messbauer 
effect.  An  idea  of  physical  parameters  determined  by  these 
metnods  is  given.  Results  of  investigation  of  a  number  of 
ferroelectrict.  are  cited. 

Chapter  15  is  devoted  to  the  studies  of  vibrations  of 
the  crystal  lattice  of  ferroelectrics  near  Curie  temperature 


using  the  infrared  spectroscopy,  Raman  effect,  inelastic  neu¬ 
tron  scattering  and  thermal  diffusion  scatte’ring  of  x-rays  and 
electrons.  In  doing  so,  the  main  attention  is  devoted  to  in¬ 
vestigations  in  which  data  on  ferroactive  low-frequency  vibra¬ 
tions  of  the  lattice  were  obtained. 

Chapter  16  describes  the  features  of  ferroelectrics  with 
a  blurred  phase  transition.  Transitions  of  this  kind  were  found 
in  many  ferroelectric  substances,  in  particular  in  a  number  of 
ferroelectric  materials  used  in  practice. 


Chapter  17  examines  the  propertj.es  of  antiferroelectric 
compounds  and  solid  solutions.  Much  attention  is  devoted  to 
antiferroelectrics  with  a  structure  of  perovskite  type.  The 
concept  of  an.tiferroeiectricity  is  discussed. 

Chapter  18  is  devoted  to  a  comparatively  new  class  of 
substances  —  ferroelectrics  with  magnetic  order.  The  main  re¬ 
sults  of  phenological  theory  of  feri  oelectrics-ferromagnetics 
are  given  and  three  groups  of  ferroelectrics  with  magnetic  or- 
deredness  are  examined  —  perovskite s,  hexagonal  manganites 
and  boracites. 


Chapter  19  gives  a  survey  of  properties  of  ferroelectric 
oxides,  halides,  and  chalcogenohal ides.  Crystalline  and  domain 
structures,  characteristics  of  phase  transitions,  dielectric 
polarization,  piezoelectric,  elastic,  thermophysical,  optical 
and  electroopt'ical  properties  are  described. 


Foreword  and  chapter  1  were  written  by  G.  A.  Smolenskiy, 
chapter  2  —  by  G.  A.  Smolenskiy  and  V.  A.  Isupov,  chapters  3- 

—  by  R.  Ye.  Pasynkov  and  M.  S.  Shur,  chapters  7-10,  12  and  i 

—  by  V.  A.  Bokov,  chapters  11  and  15  —  by  G.  A.  Smolenskiy 
and  N.  N.  Kraynik,  chapters  1L  and  17  —  by  N .  N.  Kraymk, 
chanter  18  — bv  G.  A.  Smolenskiy  and  V.  A.  Bokov,  and  chapters 


16  arid  19  —  by  V.  A.  Isupov. 
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CHAPTER  1.  BASIC  CONCEFTS  OF  FERROELECTRICITI  PHYSICS 


Seignettcelectrics  [called  so  by  analogy  with  the  prop¬ 
erties  cl’  Seignette’s  salt;  see  Translator's  Note  in  front]  •'& 
the  term  used  to  call  crystalline  substances  in  which  spontane¬ 
ous  polarization  occurs  in  a  certain  temperature  range  in  the 
absence  of  an  external  electric  field  and  mechanical  stresses. 
The  direction  of  this  polarization  can  .be  changed  by  an  electric 
field  and  in  a  number  of  cases  by  mechanical  stresses.  As  a 
rule,  seignettoelectric  crystals  are  divided  into  separate  re¬ 
gions  (domains)  characterized  by  the  direction  of  spontaneous 
polarization. 


With  a  rise  of  temperature,  seignettoelectri.es  undergo 
a  phase  transition  accompanied  by  the  disappearance  of  spontane¬ 
ous  polarization  and  bv  a  change  in  the  symmetry  cf  the  crystal 
lattice.  Temperature  at  which  a  phase  transition  takes  place 
is  called  Curie  temperature  (T  >  regardless  of  whether  this 
transition  is  of  the  first  or  second  kind.  This  transition 
may  be  brought  about  by  a  change  in  mechanical  stresses  and 
electric  field.  A  high  susceptibility  of  a  seignettoelectric 
in  regard  to  various  physical  influences  (temperature  i,  me—.^n 
ical  stresses  j^ik*  electric  field  E)  is  usually  observed  near 
a  phase  transition'.  For  the  same  reason  the  dependence  01  seign- 
ettoelectrics'  polarisation  on  T,  ^  and  ^  may  nave  a  non¬ 
linear  character.  In  classical  pyroelectrics  (tourmaline,  etc.) 
no  such  phase_ transition  exists  and  the  respective  dependences 
are  practical iy  linear. 

Seignettoelectric  properties  were  discovered  for  the 
first  time  in  Seignette's  salt  from  whicn  this  name 
The  term  "ferroeleetricity"  which  underscores  analogy  with 
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Spontaneous  polarization  (Pg)  occurs  in  classical  pyro¬ 
electrics  and  in  ferroelectrics  ov/ing  to  a  displacement  of  ion 
sub-attices  or  ordering  of  atomic  groups  having  a  dipole,  moment. 
In  doing  so,  ions  responsible  for  the  appearance  of  Pg  in  i'erro- 

electrncs  are  displaced  comparatively  easily  (dipole  groups 
change  tne  direction  o 1  electric  moment) .  It  is  precisely  owing 
to  this  that  ferroelectric  phase  transition  proves  to  be  ,.os- 
sib.le.  In  classical  pyroelectrics  such  ions  or  dipole  groups 
are  rigidly  fixed  in  the  entire  temperature  range  of  existence 
of  solid  state.  In  this  case,  external  electric  fields  and 
mechanical  stresses  are  unable  to  reorient  spontaneous  polar¬ 
ization.  it  is  helpful  to  note  that  ferroelectric  substances 
with  very  high  Curie  temperature  approaching  the  melting  points 
are  known  at  the  present  time,  for  example  LiNbO,,  etc.  Thus, 
the  "hardness"  of  some  ferroelectrics  is  also  very  great  and 
in  properties  they  approach  classical  pyroelectrics. 

Phase  (including  ferroelectric)  transitions  are  subdi- 

vided  into  transitions  of  the  first  and  second  kind  .  Sec¬ 
ond  derivatives  of  the  thermodynamic  potential,  specific  in¬ 
ductive  capacitance,  thermal  capacity,  coefficient/ of  linear 
expansion,  moduli  of  elasticity,  piezomodulus,  etc.  sharply 
change  in  phase  transition  of  the  second  kind.  In  addition  to 
a  sharp  change  in  these  quantities,  first  derivatives  cf  the 
thermodynamic  potential  such  as  spontaneous  polarization  and 
entropy  undergo  a  jump  in  phase  transition  of  the  first  kind, 
and  latent  heat  of  the  transition  is  released. 


Temperature  dependence  of  the  specific  inductive  capac¬ 
itance,  more  exactly  of  susceptibility  above  ferroelectric 


transition, 


s  described  by  Curie-Weiss  law: 

c 


aat 


r  — e 


(1.1) 


Here  C  is  Curie  constant  and  0  —  Curie-Weiss  tem¬ 
perature.  Hence,  by  analogy  with  magnetism  the  nonpolar  phase 
is  often  called  pa^aelectric.  In  some  cases  it  is  necessary 
to  take  into  account  the  additional  term  £.q  which  actually 

does  not  depend  on  temperature,  and  then 

c 

+  r  — tr  (1.2; 


.Tn  phase  transitions  of  the  first  kind  the  temperature 

of  transition  T  >Q;  (T  -  0)  is  usually  of  the  order  of  10°, 
c  c 

and  in  phase  transitions  of  the  second  kind  Tc--&  {Figure  2.1) 

The  behavior  of  ferroelectrics  below  Curie  point  is  de¬ 
termined  to  a  considerable  degree  by  their  domain  structure. 

*)  Translator’s  note:  English-language  sources  use  the 
term  "f^rst  and  second  order  transitions". 
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Figure  1.1.  Temperature  dependence  of 
inverse  dielectric  susceptibility  l/x. 

(the  curves  l)  and  of  spontaneous  polar¬ 
ization  Ps  (the  curves  2)  in  the  case 
of  transitions  of  the  first  kind  (a)  and 
of  the  second  kind  (b). 

The  causes  of  the  formation  of  domains  may  be  qualitatively  ex¬ 
plained  in  the  following  manner.  If  a  homogeneous  crystal  is 
spontaneously  polarised,  then  the  charges  appearing  on  its  sur¬ 
face  create  an  electric  field  (this  field  is  called  a  depolar¬ 
izing  field).  Breaking  up  of  a  crystal  into  domains,  i.e.  into 
regions  with  different  directions  of  spontaneous  polarization, 
decreases  the  depolarizing  field  and,  consequently,  the  energy 
connected  with  it,  and  is,  therefore,  advantageous  from  the 
standpoint  of  energy.  However,  with  the  breaking  up  of  a  crys¬ 
tal  into  domains  energy  necessary  for  the  formation  of  domain 
wails  increases  and,  thus,  the  domain  structure  is  determined 
by  "energy  compromise"  between  these  two  factors.  In  a  more 
rigid  examination  the  efiect  of  mechanical  stresses  has  <-o  be 
taker,  into  account. 

In  ferroelectrics  the  thickness  of  the  boundary  between 
antirarallel  domains  is  small;  it  does  not  exceed  a  j -ew  inter¬ 
atomic  distances  while  the  boundary  erergy  is  high  v energy  den¬ 
sity  of  the  boundary  layer  is  of  the  order  of  10  ergs/cm  ) .  m 
oarticular,  ferroelectrics  differ  in  this  respect  from  ferrc 
magnetics  in  which  the  thickness  of  the  boundary  layers  between 
the  domains  reaches  tens  and  hundreds  of  interatomic  distances. 

A  rearrangement  of  domain  structure  takes  pxace  in  a 
multidomain  crystal  under  the  effect  of  external  field.  In 
th-;s  orocess,  snontaneous  polarization  changes  its  direction 
in'a  certain  volume  of  the  crystal.  The  process  of  reorienta¬ 
tion  of  SDontaneous  polarization  is  accompiisned  by  means 
motion  of* domain  walls  and  also  by  means  o^  formation  and  i-^ 
tergrowth  of  nuclei  of  new  domains  with  a  dxrectio..  oi  spon-a 
neous  polarization  approaching  the  direction  of  electric  n  • 
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Figure  1.2.  Schematic  representation 
cf  dielectric  hysteresis  loop  in  a  ferro¬ 
electric. 


In  sufficiently  weak  fields,  polarization  linearly  de¬ 
pends  on  the  field  (Figure  1.2).  Processes  of  reversible  dis¬ 
placement  of  domain  walls  predominate  on  this  section.  With 
an  increase  of  the  field,  the  formation  of  nuclei  of  new  do¬ 
mains  begins  and  displacement  of  domain  walls  becomes  irrevers¬ 
ible.  In  doing  so,  polarization  increases  faster  than  in  ac¬ 
cordance  with  linear  law. 


At  a  certain  field  strength  corresponding  to  the  point  B 
the  crystal  becomes  a  single-domain  crystal  and  the  so-called 
saturation  is  reached.  With  a  further  increase  of  the  field 
the  total  polarization  of  the  crystal  continues  to  increase 
only  owing  to  an  increase  in  induced  polarization  (the  section 
BC)  which  is  especially  high  near  the  phase-transition  point. 

The  curve  OABC  is  often  called  the  initial  or  fundamental  brancn 
of  hysteresis  loop.  If  after  reaching  the  saturation  the  field 
strength  is  decreased,  the  polarization  of  the  crystal  will 
change  not  in  accordance  with  the  initial  curve  but  in  accordance 
with  the  curve  CBD  and  in  the  case  of  a  field  equal  to  zero  the 
crystal  remains  polarized.  The  magnitude  of  polarization  de¬ 
fined  by  the  line  segment  OD  is  called  residual  polarization. 
Extrapolation  of  the  section  CB  onto  the  Y-axis  cuts  off  the  line 
segment  OK  which  is  approximately  equal  to  spontaneous  polar¬ 
ization.  If  the  direction  of  the  field  is  changed,  then  polar¬ 
ization  will  decrease,  it  will  change  sign  and  with  a  certain 
field  will  again  reach  saturation  (the  section  DFG,‘  field 
strength  defined  by  the  line  segment  OF,  at  which  polarization 
is  eoual  to  7-ero  is  called  coercive  field  (Ecy.  Thus,  relation¬ 
ship 'of  polarization  tc  electric  field  strength  is  described  by 
the  curve  CBDFGHBC  called  hysteresis  loop. 

At  the  present  time,  a  considerable  number  of  ferroelec- 
trics  are  known  which  represent  different  types  of  chemical 
compounds:  oxides,  sulfates,  tartrates  and  Ov,hei  comp  -  , 

having  different  crystal  structure.  With  respect  to  chem  cal 
bond  and  type  cf  the  phase  transition  ferroe^ec^rics  may  be  a  - 

vided  into  two  large  groups. 
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1.  Ferroeiectrics  which  are  mainly  crystals  with  a  con¬ 
siderable  degree  of  ionicity  of  the  bond  and  which  do  not  con¬ 
tain  atomic  groups  having  a  permanent  dipole  moment.  In  these 
crystals  spontaneous  polarisation  is  brought  about  by  a  displace¬ 
ment  of  equilibrium  position  of  anharmonically  vibrating  sublat¬ 
tices  of  the  ions.  Inasmuch  as  in  this  case  the  phase  transi¬ 
tion  from  paraelectric  state  into  ferroelectric  state  occurs  as 

a  result  of  displacement  of  ions  it  is  called  phase  transition 
of  the  displacement  type  and  the  crystal  —  ferroelectric  of 
the  displacement  type.  A  classical  example  of  a  ferroelectric 
of  this  type  is  barium  titanate.  lurie-Weiss  constant  C  for 
specific-  inductive  capacitance  in  displacement-type  transitions 

proves  to  be  large  and  amounts,  for  example,  for  barium  titanate 

to  about  1.5  *  105  °K- 

2.  Ferroeiectrics  containing  dipole  groups  formed  by 
atoms  bound  with  each  other  chiefly  by  covalent  forces.  These 
dipole  groups  may  have  a  charge.  In  this  case,  theii  bonds 
with  ions  not  contained  ir.  these  groups  have  chiefly  an  ionic 
character.  In 'crystals  of  this  type  there  are  several  possible 
equilibrium  positions  of  dipole  groups  v/ith  these  positions 
corresponding  to  different  orientations  of  the  dipoles.  In  the 
paraelectric  region  the  long-range  order  is  absent  in  the  ar¬ 
rangement  of  the  dipoles  but  it  appears  in  the  ferroelectric 
region. 

Thus,  here  the  phase  transition  and  appearance  of  spon¬ 
taneous  polarization  are  connected  with  the  orderedne^s  of  the 
dipoles.'  Hence  the  names:  phase  transition  of  the  order-dis¬ 
order  type  and  ferroeiectrics  of  the  order-disorder  type.  In 
this  case  the  value  of  Curie-Weiss  constant  amounts  approxi¬ 
mately  to  103  °K,  i.e.  two  orders  less  than  in  ferroeiectrics 
of  displacement  type.  Examples  of  ferroeiectrics  of  the  order- 
disorder  type  are  potassium  dihydrophospnate ,  sodium  nitrite,^ 
etc.  It  should  be  noted  that-  the  division  examined  is  approxi¬ 
mate  and  ferroelectric  transitions  of  mixed  type  are  possib.e. 

This  is  net  the  only  method  of  classifying  the  ferro¬ 
eiectrics  [1-3].  They  may  also  be  grouped  according  to  tha 
character  of  phase  transition  from  nonpolar  into  polar  phase 
(of  the  first  or  second  kind),  according  to  the  presence  or 
absence  of  piezoeffect  in  paraelectric  phase,  according  to  uhe 
number  of  oossible  directions  of  spontaneous  polarization  (uni 
axial  and  inultiaxial),  and  according  to  the  type  of  crystal 
structure . 

Phase  transition  with  a  change  m  lattice  symmetry  t«kes- 
place  in  some  crystals  at  certain  temperatures.  In  doing  so, 
ions  of  the  same  kind  are  displaced  not  parar-el  to  eacn 
as  in  ferroeiectrics  but  antiparallel  to  eacn  other,  lhis 


leads  to  an  antiparallel  orientation  of  dipole  moments.  Such 
an  orderedness  of  moments  also  exists  in  some  crystals  having 
dipole  groups.  Crystals  wit',  dipole  moments  ordered  in  anti¬ 
parallel  are  called  antiferroelectrics.  Crystals  whose  free 
energy  approaches  the  free  energy  of  isomorphous  ferroelectrics 
have  been  assigned  of  late  to  antiferroelectrics.  It  should 
be  noted  that  a  noncollinear  arrangement  cf  dipole  moments 
which  produces  a  zero  resultant  polarization  is  possible. 

Antiferroelectrics  may  be  regarded  as  an  assemblage  of 
two  or  more  s>  blattices  with  one  being  inserted  into  the  other 
and  with  the  dipole  moments  in  each  sublattice  being  oriented 
parallel  to  each  other.  Spontaneous  polarization  in  each  sub- 
iattice  is  not  equal  to  zero  but  the  aggregate  spontaneous 
polarization  in  the  crystal  proves  to  be  equal  to  zero.  In 
the  simplest  cases  the  crystal  lattice  in  an  antiferroelectric 
has  a  center  of  symmetry  and  the  piezoeffect  is  absent.  A 
maximum  of  specific  inductive  capacitance  the  magnitude  of 
which  is  smaller  than  in  ferroelectrics  with  the  same  crystal 
structure  is  observed  at  the  point  of  transition.  A  multiple 
increase  of  dimensions  of  unit  cell  is  usually  observed  in  a 
phase  transition  from  paraelectrid  state  into  antiferroelectric 
state.  In  Figure  1.3,  in  paraelectric  region  the  unit  cell  is 
reprsserted  by  the  squares  abed  whereas  in  antiferroelectric 
phase  the  unit  cell  is  represented  by  the  rectangle  abef. 


t 


1 


i 

i 

...| - H 


;  »  ;  i  ;  t 


:  t  :  j  :  t 


; 


Figure  1.3.  Schematic  representa¬ 
tion  of  dipole  moments  in  an  anti¬ 
ferroelectric. 


When  a  sufficiently  strong  electric  field  is  superimposed 
the  antiferroelectric  may  change  into  ferroelectric  state.  The 
fact  is  that  parallel  orientation  of  dipole  moments  in  the  pres¬ 
ence  of  an  external  field  may  prove  to  be  more  advantageous 
from  the  standooint  of  energy  than  an  antiparallel  orientation. 
With  such  a  ''forced*'  phase  transition,  "double"  hvsteresis 
loops  are  observed  in  a  strong  variable  field  (Figure  1.4). 

Ir.  the  case  of  a  small  field  strength,  polarization  vs.  field 
dependence  is  practically  linear.  Transition  into  ferroelec¬ 
tric  state  occurs  when  field  strength  reaches  a  critical  mag¬ 
nitude  Ecr  i-  With  a  decrease  of  the  field  strength  the 
crystal  returns  into  ferroelectric  state  but  with  an  Ecr  2 
which  is  smaller  than  Ecr  1* 


p 


Figure  1.4.  Double  hysteresis 
loop. 

Incomplete  compensation  of  dipole  moments  of  the  sublat¬ 
tices  may  occur  in  more  complex  cases.  By  analogy  with  ferro¬ 
magnetics  these  substances  are  called  ferroelectrics. 

According  to  the  present-day  concepts  which  are  based 
on  Ginzburg's  ideas  [4]  developed  later  by  Anderson  [5],  Cochran 
£6]  and  others,  ferroelectric  transition  of  the  displacement 
type  takes  place  owing  to  the  compensation  of  effective  force 
constants  corresponding  to  the  long-range  dipole-dipole  forces 
and  short-range  repulsive  forces.  With  such  a  compensation 
the  frequency  of  optical  oscillation  of  the  lattice  reaches 
anomalously  small  values,  the  crystal  loses  stability  relative 
to  this  oscillation  and  a  ferroelectric  transition  takes  place. 
On  the  basis  of  these  theoretical  concepts  and  also  on  the  ba¬ 
sis  of  an  earlier  model  of  an  anharmonic  oscillator  [7-9]  it 
was  possible  to  formulate  certain  qualitative  considerations 
which  were  used  for  finding  new  ferroelectric  crystals,  chiefly 
of  the  oxyoctahedral  type.  It  is  obvious  that  dipole-dipole 
interaction  will  be  the  stronger  the  larger  the  internal  field 
in  a  crystal,  and  also  the  higher  the  electronic  and  ionic 
polarizability. 

Calculations  have  shown  that  in  crystals  containing  oxy¬ 
gen  octahedrons  arranged  in  a  certain  manner  the  internal  fields 
are  large  [8,  10,  11],  Thus  for  example,  connection  of  octa¬ 
hedrons  with  their  apexes,-  the  way  this  occurs  in  structures  of 
the  perovskite  type,  lithium  niobate  and  potassium— tungsten 
bronze  is  opportune^  Oxygen  octahedrons  containing  ions  of 
transition  elements  which  have  a  noble— gas  shell  after  yielding 
the  s-  and  d~electrons  ar-1  characterized  by  a  high  electronic 
polarizability.  It  is  assumed  that  a  icige  number  of  electronic 
states  with  like  energies  [12,  13]  £*;d  a  relatively  small  size 
of  the  slit  between  the  filled  p-region  of  oxygen  and  d-region 
of  ccnductar.ce  [14-16]  are  characteristic  of  these  octahedrons. 
Upon  superiraposition  of  electric  field  the  small  size  o~  the 
slit  between  p-region  ant,  d-region  ensures  a  high  probability 
of  transition  < f  electrons  to  an  excited  state  ana  a  high  elec 
tronic  polarizalility  of  the  octahedron. 
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An  important  role  is  played  not  only  by  electronic  po— 
-.arizab1  lity  of  an  oxygen  octahedron  in  perovskites  and  in 
crysta  s  of  some  of  the  other  structural  types  but  also  by  the 
polarizability  of  ions  located  between  the  octahedrons.  The 

PB  and  Bi  and  apparently  the  Tl^+  ions  are  characterized 
by  high  electronic  polarizability  [17].  Accordingly,  many 
compounds  containing  Pb2+  and  Bi3+  ions  are  ferroelectrics 
with  high  Curie  temperatures. 


A  number  of  authors  have  voiced  a  supposition  that  loose 
packing  of  ions  in  crystals  contributes  to  the  appearance  of 
spontaneous  polarizability.  An  excessively  great  significance 
was  ascribed  to  this  factor  in  early  works. 

The  semiempirical  crystallophysicai  considerations  ex¬ 
amined  above  which  are  useful  in  the  search  for  new  oxyocta— 
hedral  ferroelectrics  were  formulated  in  the  works  [lB,  19]. 
They  played  an  important  part  in  the  discovery  of  new  ferro— 
and  antiferroelectrics  and  also  of  substances  with  a  high  spe¬ 
cific  inductive  capacitance. 


A  number  of  ferroelectrics  have  been  discovered  recently, 
for  example,  YMnO^  in  which  minor  cations  have  no  electron 
sheJl  characteristic  of  noble-gas  atoms.  In  addition  to  this, 


cations  do  not  always  have  the  coordination  number  six,  for 
3+ 

example  in  Mn  and  YMnO^  the  coordination  number  is  equal 

to  five.  Thus,  the  criteria  in  question  for  the  appearance 
of  spontaneous  polarization  in  crystals  of  oxyoctahedral  type 
cannot  be  considered  as  general  criteria.  Therefore,  an  im¬ 
portant  problem  is  the  further  clarification  and  more  exact 
determination  of  conditions  for  the  appearance  of  spontaneous 
polarization  for  this  broad  class  of  substances.  In  searching 
for  ferroelectrics  the  guide  used  is  first  of  all  considera¬ 
tions  of  the  existence  of  hydrogen  bonds  in  crystals  and  of  9 
groups  having  a  large  dipole  moment  in  crvstals  (N0o,  NOY,  SO, 

S-  j  u 
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etc . ) . 
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CHAPTER  2,  CRYSTAL  STRUCTURE  OF  THE  MOST  IMPORTANT 
FERROELECTP.ICS 


This  chapter  gives  a  brief  description  of  crys¬ 
tal  structure  of  those  ferroelectrics  which  will 
be  chiefly  used  as  an  example  in  the  discussion 
of  ferroelectric  phenomena  in  the  subsequent 
chapters.  Among  these  ferroelectrics  are  barium 
titanate,  Seignet-te's  salt,  potassium  dihydro¬ 
phosphate,  triglycine  sulfate  and  sodium  nitrite. 
Crystal  structure  of  the  other  ferroelectrics  is 
discussed  in  a  survey  of  properties  of  ferroelec¬ 
tric  crystals.  Crystal  structures  of  antiferrc- 
electrics  are  discussed  in  chapter  17. 


Par.  1.  Barium  Titanate 


Figure  2.  .  Crystal  structure 
of  perovskite  type. 


a  —  unit  cell;  b  —  framework 
of  octahedrons. 


Many  ferroelectrics  crystallize  in  a  structure  ox  perov¬ 
skite  type  characteristic  of  run..,  compounds  with  a  general 
chemicai  formula  where  A  and  B  are  cations  and  X.'  —  anions. 
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A  structure  of  perovskite  type  is  constructed  of  BX^  octa¬ 
hedrons  connected  with  each  other  by  vertices  (Figure  2.1). 
Connection  of  octahedrons  takes  place  in  such  a  manner  chat 
rectilinear  chains  of  octahedrons  parallel  to  each  other  can 
be  differentiated  by  all  of  the  three  mutually  perpendicular 
axes.  Octahedrons  of  the  neighboring  chains  are  connected 
by  their  vertices.  As  a  result  of  this,  a  three-dimensional 
framework  of  octahedrons  is  obtained  (Figure  2.1b).  A  cat¬ 
ions  are  located  in  the  spaces  between  the  octahedrons.  Thus, 
if  B  cations  are  surrounded  by  six  X  anions,  then  occupying 
the  enter  of  the  cubo-octahedron  the  A  ions  are  surrounded  by 
12  anions.  X  anions  are  surrounded  by  six  cations:  four  cat¬ 
ions  A  lying  at  a  distance  e/V2  (where  a  is  lattice  para¬ 
meter)  in  the  vertices  of  the  square  whose  center  is  an  anion, 
and  two  B  cations  lying  at  a  distance  a/2  in  a  direction  per¬ 
pendicular  to  the  square  made  up  of  A  ions. 

The  crystal  lattice  of  compounds  with  a  structure  of 
perovskite  type:  of  ferroelectric  compounds  in  paraelectric 
state  and  of  nonferroelectr J.c  compounds  has  in  many  cases  a 
cubic  symmetry  and  belongs  to  the  space  greup  0^ — Pm3m.  In 
this  ca~e  the  unit  ceil  contains  one  formulaic  unit. 

Satisfaction  of  the  following  two  geometric  conditions 
ensuring  a  close  packing  of  atoms  and  determining  the  permis¬ 
sible  dimensions  of  A  and  B  cations  and  of  anions  is  mandatory 
for  the  existence  of  the  compound  A8X-  with  a  structure  of 
perovskite  type  [1]: 

HA  +  «X 


R_  and  ?...  are  here  the  tabular  ionic  radii  assigned  to  ions 

D  A 

with  the  coordination  number  (c-n.)  6,  and  R.  is  tabular  ra- 
dius  for  coordination  number  12  (”(c<n>i2)=~*^2  "(c.n.  6). 

The  value  of  t  approaches  unity  but,  as  a  rule,  differs 
from  it-  and  lies  in  a  range  from  t,=0,76  to  t~,=1.03*  Satis¬ 
faction  of  the  condition  t,<t<t-,  alone  is  insufficient  to 

i  *C 

form  cerovskite  structure.  For  example,  for  AI50-,  (erenu- 

yevite  structure)  t=0.91  and  lies  within  permissible  limits 
but  perovsk ! to  structure  does  net  fc^m  owing  to  a  small  radius 

Ji  UVi  O..  -L.U .  i  • 

In  the  case  of  complex  perovskite  compounds  the  general 
chemical  formula  may  have  the  following  ferrr.  [2]: 

K.A',, ...  A-  ...  A<,V)(H,X,...BU> ...  0V*)X,. 


K  >1, 

where  ^-1  x,=l  and  Z— »y.=l  (x.  /’O;  y.)>0).  *In  addition  uo 
i=3  A  i=l  «  “  J 

this,  the  following  requirement  of  electric  neutrality  of  the 
crystal  must  be  observed: 

k  l 

"t  2  »</•„</>  +  3*x  ~0 

<=1  Jai 

(where  n^(i),  ng(j)  and  nX  are  va^ences  the  respective 
ions),  ana  also  the  requirement  of  the  condition: 

HA  4-  flx  nAu:  . 

k  l 

<r~i  r-~i 

where  £.  =  /  .x  .R  ( i  ^  and  En=  f  .v  ;Rn(  j )  These  conditions 
*  i=l  J  A  a  4=1  J  c 

limit  the  dimensions  of  the  and  B  ^  ^  ions  and  the  mean 

radii  and  Eg.  As  already  mentiond,  b^=0.41;  the  values 

of  a^,  a2  and  b2  have  not  as  yet  been  determined  exactly  but 

apparently  o2  is  not  less  than  0.7b4,  a^^0.73  and  a2  is  not 

less  than  1.13  (R*  were  corrected  to  c.  n.  12). 

A  2- 

If  X  is  an  oxygen  ion  0  ,  then  by  combining  in  octa¬ 

hedrons  the  ions  with  different  valences  the  following  groups 
of  complex  perovskite  compounds  may  be  obtained. 


With  n^=l: 


with  n^=2: 


A(UJ‘,nrOO,.  A(BJ‘nBJ.V'0„  A(b!,:d^;u3.  A  uj. 

A(n^B?:>Oj,  A  0,.  A(BJ‘,Bg‘,)Oj.  A  (U?t8?#  0,, 


A  (B&Bft)  o,.  A  0,,  A  0,: 

aMB^Oj.  a  (BfrBft)  o,.  A  (Bj'.BJ*,)  0,. 
A  0,.  A(BJ.,B!f,)Os.  A(B:.,BJ‘)Oa; 


with  n^=3 : 


A(BT,0J^0,.  A(B!*Bfj)0„  A  (BjrnB|‘„)  O,.  A  0,, 

A  (8.^)0,.  A(BJ,Bfc)0,.  A(Bj,B|*4)G*  A(B$B?£)(%. 


Only  the  Aj  ^  group  of  compounds  can  be  obtained  with 

ng=4.  (Owing  to  the  small  size  and,  probably,  too  high  a 
charge,  ions  with  a  valence  of  A,  5,  etc.  cannot  be  taken  as 
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ions  with  c.u.  12).  Apparently  the  compounds  Aq^Aq  ^Bq  i%q+ (py 


A 


,A^+CB2 


-Brt+rO 


kl+cBt 


-B^+rO. 


G . 5*0 . 5  0 . 5  0 . 5  3  ’  0 . 5  0 . 5  0 . 5  0 . 5  3 


and  Ao.5Aot5Bot6Bot4°3 


can  also  be  obtained.  These  groups  exhaust  all  of  the  possible 
types  of  complex  perovskite  compounds.  Apparently  not  all  of  the 
types  can  be* realized.  In  any  case,  for  many  of  them  uhe  re¬ 
presentatives  have  not  been  found  up  to  the  present  time. 

It  is  necessary  to  underscore  that,  as  a  rule,  complex 
formulas,  for  example  (A,?.A£_x)  (E^B^  0?  and  A ( 8  M3^B |2.x_y 3 O3 , 

describe  solid  solutions.  The  following  may  be  cited  as  an 
example: 


0,  —  O.SNaNbOi  -t-  O.srbTlOj, 

(Nt#4Ph,  ,)  0,  -.O.SN.MOj  +  0  SPbFoo^Nbj^Oj, 

Pb  (LI.AKb,AW1/j  0,  m.  f  Pb  (Llj.yNbj.n)  0,  +  ■§■  Pb  (LI^.VV,,)  0j. 


In  the  case  of  the  last  equality,  compounds  correspond- 
t-o  the  formulas  on  the  right  apparently  do  not  exist.  However, 
solid  solutions  may  exist  even*  in  this  case  and  a  phase  with 
perovskite  may  be  observed  in  a  more  or  less  wide  range  of  val¬ 
ues  of  the  concentrations.  Whether  the  compound  Pbl/3(lil/3  x 
x  Nbl/3Wl/3  exists  in  this  case  can  only  be  determined  from 

the  form  of  the  phase  diagram  of  the  system  formed  by  two  com¬ 
binations  of  oxides  that  are  on  the  right  in  the  last  equality 
(for  example,  from  the  presence  of  a  maximum  on  the  liquidus 
curve).  A  compound  of  perovskite  type  cannot,  by  far,  form 
with  any  combinations  of  ions  satisfying  the  formulas  cited 
above.  The  tendency  of  the  10ns  to  the  formation  of  i,hese  or 
other  hybrid  bonds  leads  to  this  or  other  oxygen  encirclement. 
It  may  turn  out  that  the  preferable  oxygen  encirclement  wii.1 
not  correspond  to  the  encirclement  of  atoms  in  a  structure  of 
perovskite  type. 


Barium  titanate  BaTiO^  is  the  most  investigated  icrro- 

eloctric  with  a  structure  of  perovskite  type.  Above  Curie 
temperature  (120°C)  this  compound  has  a  cubic  lattice  v/ith  a 

lattice  parameter  of  '~'4$°»  In  this  case  the  coordinate^  of 
the  atoms  of  Ba  are:(Q,  0,  0),  of  Ti:  (i»  i»  £)»  of  30:  (f,  ?, 
0).  (4,  0,  i),  (0,  £,  £).  Below  120°C  barium  titanate?be~ 
comes  tet-rogonal  with  the  lattice  parameters  a=3-992  A  and 

c=4,036  £  at  room  temperature  [4]  and  belongs  to  the  space 

group  C~  -  P4mm.  The  lengthening  of  the  cell's  edges  takes 

Diace  ir/the  direction  in  which  spontaneous  polarization  oc¬ 
curs  (along  the  c  axis) (Figure  2.2b).  Coordinates  01  w.ne 
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Figure  2.2.  Unit  cell  of  Ba'fiCL 
in  different  phases. 

a  —  cubic;  b  —  tetragonal;  c  — 
rhombic;  c  —  rhombohedral .  Broken 
lines  show  the  initial  cubic  cell. 
Arrowhead  indicates  the  direction 
of  spontaneous  polarization. 


Figure  2.3.  Displacement  of  ions 
in  a  tetragonal  BsTiO^. 

a  —  distortion  of  TiO^  octahedron; 

b  —  directions  of  the  displacements 
of  ions  in  a  unit  cell. 

atoms  may  be  described  in  the  following  manner: 


Li:(0,  0,  0).  Tl:(y.  y.  J  +  iJ,,).  0, :  (j  .  y  ,  i^.)  . 
*°« :  (j  ■  J  +  U0|I)  •  (°-  j  i  7  +  ^O,,)  • 


The  quantities  8 z  represent  here  the  displacements  of  atoms 
from  the  center  of  parallelepiped  formed  by  barium  ions  (Fig¬ 
ure  2.3)* 
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An.  exact  determination  of  the  displacements  if  ions  is 
difficult  owing  to  a  strong  connection  between  the  magnitudes 
of  displacements  and  parameters  of  thermal  vibrations  of  the 
ions  [/+]•  However,  as  Megaw  [5]  points  out,  the  average  mag¬ 
nitudes  of  the  displacements  of  ions  and  of  the  parameters  of 
thermal  vibrations  determined  in  various  works  satisfactorily 
agree  with  each  other  both  in  the  signs  and  in  the  order  of 
magnitude.  Thus  for  example,  the  average  magnitude  of  £z0  = 

°I 

=0.014o  (expressed  in  fractions  of  lattice  parameter),  and  the 

avei'age  deviation  from  this  magnitude  in  the  works  of  differ¬ 
ent  investigators  amounts  to  0.000^.  The  average  Bzq^=-0.025^ 

and  the  average  deviation  is  equal  to  0.002^,  the  average  & Zq  = 

=-0.012^  and  the  average  deviation  amounts  to  0.0082*  It  may 
be  seen  from  these  figures  that  the  values  of  8  and  8  Zq 

obtained  in  different  works  agree  well,  and  there  is  no  satis¬ 
factory  agreement  only  for  8 Zq 

A  phase  transition  from  ferroelectric  tetragonal  to  ferro¬ 
electric  rhombic  phase  takes  place  near  0°C.  In  doing  so, 
spontaneous  polarization  sets  in  in  the  direction  of  in-s  diag¬ 
onal  of  the  face  of  the  cubic  unit  cell  and  the  lengthening  of 
the  lattice  takes  place  in  this  same  direction.  The  cell  ac¬ 
quires  a  monoclinic  distortion  (Figure  2.2c).  The  rhombic 
cell  a  transition  to  which  from  the  monoclinic  cell  is  possible 
has  the  p  .rameters  a'^aMV%  b«aMV2,  t  -cM  where  aM,  and  cM 

are  parameters  of  the  monoclinic  cell,  and  no  longer  contains 
only  one  but  two  formulaic  units.  The  lattice  symmetry  is  de¬ 
scribed  by  the  space  group  — C2mm. 

At  -10°C  the  parameters  of  BaTiO^  are  equal  to:  a=5.682, 

b=5-669  and  c=3'990  <A.  The  positions  of  ions  are  determined 

by  the  displacements  dxm. ,  S  xn  ,  8  yn  (Figure  2.4a).  Ac- 

11  Uj 

cording  to  the  data  of  neutron  diffraction  study  [6] 

=+0.010,  S Xq  =-0.010,  Axq  =-0.013,  5yQ  =+0-03  or  expressed  in 

angstroms:  $x~.=0.06,  Sxn  =-0.06,  Sxn  =-0.07,  8yn  = 

0  11  L  II  II 

=0.017  A,  The  ions  of  Ti  and  Ba  are  displaced  relative  to 
the  oxygen  octahedron  by  0.13  and  0.07  a  respectively  along 
the  positive  direction  of  the  x~axis.  Distortion  of  the  octa¬ 
hedron  may  be  seen  from  Figure  2.4b.  Spontaneous  polarization 

calculated  on  the  basis  of  ion  displacements  is  equal  to  16  * 

•  10-6  coulombs/cm2  (experimental  value  is  a*30  •  10~6  c/cm2). 
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Figure  2.4.  Displacements  of  ions 

in  rhombic  BaTiO-*. 

o 

a  — directions  and  magnitudes  of  dis¬ 
placements;  b  —  distortion  of  TiO^ 

octahedron  (after  Shirane  et  al.  [6]). 

1  —  oxygen;  2  —  barium;  3  —  titanium. 


Figure  2.5.  Temperature  dependence  of 
lattice  parameters  and  of  the  volume  V 
of  unit  cell  of  BaTiO...  (After-  Kay  and 
Vousdcri  [7]}.  * 

I  —  cubic  phase;  II  —  tetragonal  phase; 

III  —  rhombic  phase;  IV  —  r-hombohedral 
phase . 

Transition  into  ferroelectric  rhombohedral  phase  takes 
place  at  about  -90°C.  In  this  phase,  spontaneous  polarization 
is  oriented  along  the  volume  diagonal  of  the  cubic  cell  and 
the  cell  is  elongated  in  this  direction  (Figure  2. 2d).  The 
rhombohedral  phase  of  barium  titanate  is  described  by  the 

space  group  C^v — R3M.  At  -100°C  the  lattice  parameter  a= 

=3.998  A  [3]. 

Temperature  dependence  of  lattice  parameters  (of  the 
length  of  unit-cell  edges)  is  shown  in  a  wide  temperature 
range  in  Figure  2.5. 
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Par.  2.  Seignette ' sSalt 


Seignette 's  salt  is  a  double  sodium-potassium  tartrate 
NaKC^H^O^  •  4H2O.  In  nonferroelectric  state  (above  23-24°C) 
this  salt  has  rhombic  structure.  At  +35°C  the  lattice  para¬ 
meters  are  equal  to  a=11.37S,  b=14.24b  and  c=6.2l8  $  [3].  Th 
unit  cell  contains  4  formulaic  units.  In  doing  so,  the  lat- 

3 

tice  is  described  by  the  space  group  — 22^2^2.  According 

to  [3]  the  atoms  in  the  unit  cell  occupy  positions  shown  in 
Table  1. 

Table  1 

Positions  of  Atoms  in  a  Unit  Cell  of 
Seignette's  Salt 


@  * 

© 

•  C 

or 

O  OhmCH 

O  W 
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Figure  2.6  Projection  of  the  structure  of 
Seignette’s  salt  onto  the  plane  (001). 

Figures  in  circles  are  the  numbers  of  the 
atoms;  figures  near  the  atoms  indicate  the 
z  coordinates  (after  Beevers  and  Hughes  [S]) 


Projection  of  the  structure  onto  the  plana  (lOu)  is 
shown  in  Figure  2.6.  Each  atom  of  sodium  is  surrounded  by  a  o 
group  of  six  atoms  of  oxygen  with  an  average  distance  of  2.39  A 

(2.39,  2.34,  2.29,  2.31,  2.49  and  2*52  A).  Out  of  them,  three 
atoms  of  oxygen  belong  to  the  tartrate  group  and  three  —  to 
the  water  molecules.  An  atom  of  potassium  in  (0,  0,  0.05)  has 
a  coordination  number  4  with  two  atoms  of  oxygen  from  the  tar¬ 
trate  group  and  two  —  belonging  to  the  water  molecules.  The 
other  potassium  atoms  have  a  coordination  number  8  with  four 

oxygens  from  the  tartrate  group  and  with  four  water  molecules. 

o 

The  distances  lie  in  a  range  of  from  2.75  to  3.07  A.  Carbon 
atoms  in  the  tartrate  molecule  lie  in  nearly  one  plane.  The 

groups  -C(OH)  •  COOH  are  nearly  coplanar  and  are  inclined  60+2° 
to  the  plane  of  the  carbon  atoms. 

Ferroelectric  phase  existing  in  a  temperature  range  of 

from  -18  to  +24°C  is  monoclinic  and  belongs  to  the  space  group 

Cg — P2^  [9]  with  the  polar  axis  being  parallel  to  the  direction 

of  the  rhombic  axis  of  [100].  Spontaneous  deformation  consists 
of  a  displacement  cf  y_  in  the  plane  flOO).  Owing  to  this, 

2  Q 

the  angle  between  the  b-  and  c-axes  differs  somewhat  from  90  G 
(by  a  quantity  of  from  1'48"  to  3*  [3])* 

The  low-temperature  phase  of  Seignette’s  salt,  stable 
below  -18°C,  as  well  as  the  high-temperature  phase,  is  described 

by  the  space  group  D^— P2^2-2  [10]»  Some  of  the  atoms  in  this 

phase  are  displaced  somewhat  from  positions  characteristic  of 
the  high-temperature  phase.  Anisotropy  of  the  oscillations  of 
the  oxygen  0^  and  Og  atoms  was  noted  (Figure  2.6)  with  the  di¬ 
rection  of  maximum  oscillation  being  parallel  to  the  rhombic 
a-axis.  At  the  same  time,  oscillations  of  the  0  ion  are  most 
intensive  along  the  b-axis.  Very  strong  thermal  vibrations 
were  found  in  potassium  atoms. 

The  most  important  problem  in  the  study  of  crystal  struc¬ 
ture  of  Seignette's  salt  is  determination  of  the  position  of 
hydrogen  bonds  in  a  crystal.  As  the  neutron  diffraction 
stirh-  [111  showed,  orientation  of  hydroxyl  group,  indicated  by 
numeral  5  in  Figure  2.6,  is  of  great  significance  for  the  emer¬ 
gence  of  ferroelectric  state.  According  to  [3]  a  change  in  the 
orientation  of  this  hydroxyl  group  leading  to  a  change  in  t.  e 
direction  of  its  electric  moment  brings  about  a  displacement 
of  protons  along  *  he  a-axis  and  makes  the  main  contribution  to 
the  development  of  spontaneous  polarization.  Displacements  of 
the  other  ions  apparently  also  make  a  contribution  to  sponta¬ 
neous  polarization. 
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Figure  2.7.  System  rf  hydrogen  bonds  in 
Seignette’s  salt  (broken  lines)  in  projec¬ 
tion  onto  the  plane  (001) .  (After  Frazer 
et  al.  [11]). 

Key:  1  —  0  of  the  COOH  group;  2  —  0  of 
the  OH  group;  3  —  0  of  the  H20  group. 

In  Figure  2,?  is  shown  a  system  of  hydrogen  bonds  ac¬ 
cording  to  the  data  in  [11].  This  system  agrees  well  with  the 
conclusions  drawn  from  a  study  of  Raroan-effect  spectra.  It 
should  be  noted  that  although  crystallographic  class  of  rhom¬ 
bic  modification  of  Seignette’s  salt  allows  the  existence  of 
two  enantiomorphous  modifications  the  Seignette's-salt  crys¬ 
tals  usually  belong  to  the  right-handed  form  [3l.  The  most 
developed  and  typical  forms  are  the  c-faces  {001}  and  pris¬ 
matic  m-faces  {110}  ;  the  n-faces  {120} ,  1-faces  {210}  and 
b-faces  {Old}  whereas  a-faces  {100}  are  very  small  in  most 
cases  or  are  absent  altogether. 


Par.  3.  Potassium  Dihydrophosphate 

At  room  temperature,  potassium  dihydrophospnate  (KH2PQ^) 

has  a  tetragonal  lattice  with  the  parameters  a=7.453  A  and  c= 

6.959  A,  belonging  to  the  noncentrosymmetrical  group  D2d — l£2d 

[9],  Crystals  described  by  this  space  group  are  piezoelectric. 
This  unit  cell  contains  4  formulaic  units.  The  crystal  lattice 
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Table  2 


The  Lengths  of  Bonds  in  KP^PO^  According  to 

the  Data  in  [13]#  Expressed  in  A  (OH  is  Oxy¬ 
gen  With  Neighboring  Hydrogen) 


Figure  2.8.  Unit  cell  of  KH2PO^  cor¬ 
responding  to  the  space  group  ll[2D. 

(After  West  [:.2]). 

of  KH2FO^  may  be  described  by  using  another  tetragonal  unit 

cell  in  which  the  edges  forming  the  square  base  are  diagonals 
of  the  square  face  of  the  cell  mentioned  above  and  accordingly 

are  S/2  times  larger  (that  is  a=10.534  A  and  c=6.959  X).  How- 

1 2 

ever,  in  this  case  the  space  group  will  be  — F7Td2. 

The  arrangement  of  atoms  in  a  tetragonal  unit  cell  with 
o 

a=7»453  A  is  given  in  Figure  2.8.  The  lattice  consists  of  PO^ 

tetrahedrons  of  nearly  regular  form.  Potassium  ions  ore  located 
in  the  spaces  between  tetrahedrons.  Each  one  of  these  ions  is 
surrounded  by  eight  oxygen  atoms  belonging  tc  PO^  tetrahedrons 

with  four  of  them  lying  somewhat  closer  to  the  potassium  atom 
than  the  remaining  four  [13].  In  Table  2  -tre  given  the  inter¬ 
atomic  distances  in  KHoP0, .  Each  PO,  group  is  linked  with 

/.  q.  H-  A 

four  neighboring  PO^  groups  by  hydrogen  bonds  of  about  2.4  A 

in  length.  As  may  be  seen  from  Figure  2.8,  hydrogen  bonds  are 
perpendicular  to  the  c-axis  and  link  the  ’’lower"  oxygen  atoms 
in  one  tetrahedron  of  PO.  with  the  "upper"  oxygen  atoms  in  an- 

other  tetrahedron.  The  system  of  hydrogen  bonds  in  KH2P0^  may 


be  seen  from  Figure  2.9  where  a  projection  of  the  lattice  onto 
the  plane  (001)  is  given.  According  to  [13]  the  oscillations 
of  hydrogen  atoms  have  a  high  anisotropy  with  the  amplitude  of 
the  oscillations  being  maximal  along  the  direction  of  the  bond. 
Hydrogen  atoms  in  paraelectric  phase  of  KHgPO^  are  statistic¬ 
ally  distributed  in  two  positions  lying  on  a  straight  line  con¬ 
necting  the  nearest  oxygen  atoms.  The  distance  between  these 

two  positions  amounts  approximately  to  0.35  A  (difference  be¬ 
tween  the  distances  0„ — H  and  0 — II  in  Table  2).  Statistical 
distribution  of  hydrogen  atoms  in  these  two  positions  accounts 
for  the  absence  of  spontaneous  electric  moment  in  the  substance. 

Ferroelectric  phase  transition  takes  place  in  KHgPO^  at 

-150°C  (123°K).  In  doing  so,  the  lattice  becomes  rhombic  and 

belongs  to  the  space  group  C2^ — Fdi.  An  elongation  of  the  unit 

cell  with  the  space  group  lZ?.d  takes  place  along  one  of  the  di¬ 
agonals  of  the  square  base  and  a  contraction  —  along  the  other 
diagonal  so  that  a  rhombic  unit  ceil  with  a= 10.44,  b=10.53  and 

c=6.90  A  at  116°K  results  upon  transition  to  the  other  axes  [3j* 

Distortion  of  the  unit  cell  with  the  space  group  FlTd2  consists 
in  the  elongation  of  the  edges  parallel  to  the  b-axis  and  in 
shortening  of  the  edges  parallel  to  the  a-axis.  The  polar 
axis  ;.s  oriented  along  the  tetragonal  c-axis.  The  change  in 
interatomic  distances  during  the  phase  transition  ..lav  be  seen 
from  Table  2. 

The  length  of  the  hydrogen  bond  changes  little  during 
the  phase  transition  but  hydrogen  atoms  become  ordered  in  such 
a  manner  that  in  a  single-domain  crystal  ail  hydrogens  are  near 
the  "upper"  or  "lower"  oxygens  according  to  the  polarity  of  the 
crystal  [3 J -  The  change  in  the  polarity  of  the  crystal  is  con¬ 
nected  with  the  displacement  of  hydrogen  atoms  along  the  dir ?c- 
tions  of  hydrogen  bond  from  the  "upper"  oxygen  atoms  to  t he 
"lower"  and  from  the  "lower"  to  the  "upper".  The  ordering  of 
hydrogen  atoms  is  accompanied  by  the  displacements  of  the  other 
atoms.  Displacements  of  oxygen  are  very  small.  Potassium  and 
phosphorus  atoms  are  displaced  along  the  c-axis  in  opposite 
directions  relative  to  oxygen  framework  withdrawing  from  those 
oxygen  atoms  which  the  hydrogen  atoms  approach,  i.e.  the  posi¬ 
tive  charge  of  proton  approaching  the  oxygen  atoms  repulses 
the  positive  potassium  and  phosphorus  ions  ad, acent  to  oxygen 
atoms.  The  magnitudes  of  the  displacements  o  potassium  atoms 

are  evaluated  at  0.04-0.05  A  and  those  of  potassium  [sic]  atoms 

—  at  0.03-O.Od  A  [13,  14]. 

Inasmuch  as  spontaneous  polarization  is  oriented  along 
the  c-axis  and  hydrogen  bonds  are  practically  perpendicular  to 
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the  c-axis  it  is  clear  that  appearance  of  spontaneous  polar¬ 
ization  can  be  explained  only  by  displacements  of  heavy  ions 
along  the  c-axis.  Calculation  of  spontaneous  polarization  by 
the  displacements  of  ions  (ionic  component)  [13]  on  the  assump¬ 
tion  that  phosphorus,  potassium  and  oxygen  ions  have  a  charge 
of  +5,  +1  and  -2  respectively  gives  a  good  agreement  with  the 
experimental  value  of  spontaneous  polarization.  A  good  agree¬ 
ment,  although  with  opposite  sign  of  spontaneous  polarization, 
also  results  with  the  assumption  that  phosphorus  charge  is 
equal  to  +3.  Results  of  the  study  of  Kl^PO^  using  the  method 

of  anomalous  scattering  of  x-rays  agree  with  the  assumption 
that  phosphorus  charge  is  equal  to  +5  [3]* 

In  accordance  with  the  results  of  structural  investiga¬ 
tions,  the  data  of  the  study  of  infrared  spectra  and  Raman-ef- 
fect  spectra  indicate  an  absence  of  changes  in  the  lengths  of 
0- — H  bonds  in  the  case  of  a  phase  transition  [?]•  This  con¬ 
firms  the  mechanism  of  transition,  which  consists  in  ‘•'rdering 
of  hydrogen  atoms  in  two  positions  lying  along  the  hydrogen  bond 
and  which  follows  from  structural  studies. 


Par .  A . _ Triglycine  Sulfate 


<aTL.-4 


Figure  2.10,  Projection  of  the  structure  oi 
triglycine  sulfate  along  c-axis.  (After  Hosh 

i  nn  fit,  si .  f  161  )  . 


Table  3 


Coordinates  of  Atoms  in  Triglycine  Sulfate 


Atoms 


Sulia-ce  ion 

Hob 


S 

O. 

0. 

S* 

0. 


0.6995 

0.85*3 

0.?*39 

1-0920 

1.0790 


02500 

02U7 

02157 

0.1585 

0.3189 


V/f&S  i 


02250 

0.0051 

0.1572 

02231 

0.1911 


O 

c 

C 

c* 


0.0061 

0.1925 

0-1905 

02318 


ycine 

rum 


02393 

02713 

02172 

02361 

0.2110 

II 


1.0716 

0.6668 

0.8727 

0.9019 

1.1639 


02218 

0.4975 

0.3596 

0.5397 

02153 

0.5331 

02675 

0.5734 

0.9939 

.  • 

02600 

v&vw  in 


0.7619 

0.7168 

0.6797 

0.1070 

02063 


O 

O' 

c 

c* 

N 


0.7814 

0.4931 

02454 

0.4825 

0.6937 

0.4749 

0.7440 

0.4320 

0.9068 

0.4331 

02229 

02317 

02281 

02906 

0.7059 


Triglycine  sulfate  (NH^CJ^COOH)^  ♦  H2S0^  is  a  ferroelec¬ 
tric  with  a  Curie  temperature  of  49°C.  Above  Curie  point,  tri- 
glycine  sulfate  has  a  monociinic  lattice  belonging  to  the  space 
2 

group  C2^ — P2^/m.  A  unit  cell  of  triglycine  sulfate  may  be 

selected  by  two  methods.  The  b  and  c  parameters  are  the 
same  for  both  unit  cells  but  the  angles  p  and  parameters  "a" 
differ.  In  both  cases  the  unit  cell  contains  two  formulaic 
units.  At  room  temperature,  the  lattice  parameters  in  one  se¬ 
lection  are  equal  to:  a=9.15»  b=12.69,  c=5-73+0.03  A,  £  = 
=105°40’+20*  according  to  the  data  in  [15],  and  in  the  other 

selection  a=9*42,  b=12.64,  c=5*73  A,  ^=110°23*  according  to 
the  data  in  [16]. 

Coordinates  of  atoms  in  triglycine  su.lfat-e  at  20°C  ac¬ 
cording  to  the  data  in  [16]  are  given  in  Table  3  in  fractions 
of  the  edge  of  the  cell. 


In  the  triglycine  sulfate  lattice,  phosphorus  atom  is 


in  a  distorted  oxygen  tetrahedron.  The  S — 0  distances  lie  in 
a  range  from  1.47y  to  1.4?-,  X  and  are  considerably  shorter 
than  in  inorganic  sulfates  such  as  KH2S0^  and  MgSO. .  The 
0 — S~ 0  angles  lie  in  a  range  of  from  105  to  115°- 

In  Figure  2.10  is  given  a  projection  of  the  structure 
of  triglycine  sulfate  along  c-axds.  For  convenience  in  de¬ 
scription  different  groups  of  atoms  are  indicated  by  the  let¬ 
ters  A,  B,  A*  and  B*  placed  in  parentheses.  The  numerals  I, 
II  and  III  indicate  three  glycine  groups  which  are  a  part  of 
the  composition  of  the  substance. 

Glycirte  group  II  is  a  so-called  "zwitterion",  i.e.  a 
molecular  group  one  side  of  which  has  a  positive  charge  and 
the  other  —  a  negative  charge,  so  that  molecular  group  has 
a  dipole  moment-.  Glycine  groups  I  and  III  carry  only  one 
charge  —  a  positive  charge  and,  therefore,  may  be  regarded 
as  complex  positive  ions  which  are  called  glyciniums.  Hence 
a  second  possible  name  for  triglycine  sulfate  —  glycinedi- 

glycinium  sulfate  —  and  the  feasibility  of  writing  the  chem¬ 
ical  formula  in  the  form  (NH+CH2C00")  (NH+CH2CC0H)2S0^“. 

Table  4 

Displacements  of  Atoms  From  the 

°) 

Planes  of  Glycine  Groups  (in  k' 


AtOOG 


c 

0 

O' 


Glycine  groups 


[  -o  M, 

0.00, 

I  -0-ftl, 

0.00, 

{  0.00, 


As  may  be  seen  from  Table  4,  carbon,  nitrogen  and  oxy¬ 
gen  atoms  in  glyciniums  I  and  III  lie  practically  in  one  plane, 
In  zwitter-ion  of  glycine  (II)  carbon  and  oxygen  atoms  also 

lie  practically  in  one  plane  but  nitrogen  atom  is  displaced 

c 

from  this  plane  by  0.2?  A. 

In  paraelectric  state  above  Curie  point  the  planes 
y=-J  and  3/4  are  crystallographic  mirror- image  planes.  The 

planes  of  giyciniura  ions  form  an  angle  of  12.5°  with  the 
planes  y=i  and  3/4-  A  glycinium  molecule  may  go  out  of  the 
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plane  y=£  (or  y=3/4)  both  on  one  and  the  other  side  of  this 
plane  with  the  direction  of  the  deviation  from  this  plane 
being  different  for  each  glycinium  molecule  and  being  in  a 
chaotic  state.  Thus,  above  Curie  point  the  planes  y=t  and 
y-3/4  are  mirror  planes  only  statistically.  With  an  ordered 
deviation  of  glycinium  molecules  below  Curie  point  these 
planes  cease  to  be  mirror  planes  even  statistically. 

Determination  of  the  system  of  hydrogen  bonds  in  tri¬ 
glycine  sulfate  is  of  great  importance.  A  possible  system  of 
hydrogen  bonds  assumed  in  [l61  is  shown  in  Figure  2.10  by  dot- 
and-dash  lines  connecting  different  atoms.  Attention  is  drawn 
by  the  shore  hydrogen  bond  between  the  °iii'A)  and  o‘n^A)  oxy~ 

gens  of  2.44  A  in  length.  It  is  assumed  in  [l6]  that  proton 
is  located  closer  to  the  atom  of  O'jjj(A)  oxygen  of  the  com¬ 
pletely  plane  glycinium  III  ion.  Owing  to  this,  group  III 
is  considered  to  be  glycinium  ion  and  glycine  group  II  is  re¬ 
garded  as  a  zwitter-ion. 

The  possibility  of  the  transition  of  hydrogen  from 
group  III  into  group  II  along  the  short  Qjjj(A) — H — 0^.j(A)  bond 

accounts  for  the  possibility  of  repolarization  of  the  crystal. 
In  doing  so,  the  groups  change  roles:  group  III  becomes  a 
zwitter-ion  and  group  II  —  a  glycinium  ion.  Nj^(A)  atom  re¬ 
turns  into  the  plane  of  the  remaining  atoms  and  Njj-j-CA)  atom 

leaves  the  respective  plane.  This  regrouping  of  atoms  in 
these  groups  leads  to  a  change  in  the  position  of  glycinium 
group  which,  as  a  result,  assumes  a  symmetrical  position  rel¬ 
ative  to  the  plane  y-^.  Thus,  repolarization  in  triglycine 
sulfate  is  not  a  simple  change  in  the  direction  of  the  mc~,ent 
of  one  of  glycinium  groups  but  is  connected  with  the  disappear¬ 
ance  of  the  moment  in  one  glycinium  group  and  transformation 
of  the  zwitter-ion  of  glycine  into  a  glycinium  greup  with  a 
dipole  moment  of  opposite  direction. 

Further  studies  confirmed  that  ferroelectric  transition 
in  triglycine  sulfate  is  a  transition  of  the  order — disorder 
type  and  is  in  the  main  of  the  sane  nature  as  the  transition 
in  potassium  dihydrophosphate  but  differs  from  it  by  a  tighter 
bond  between  the  motion  of  protons  and  the  motion  of  heavy 
groups  [ 17  j  * 

With  the  phase  transition  into  paraelectric  state  the 
lattice  remains  monoclinic.  In  doing  so,  along  the  ferroelec¬ 
tric  b-axis  the  crystal  contracts  during  the  heating  and  ap¬ 
proach  to  Curie  point  and  begins  to  expand  in  paraelectric^ 
phase  while,  conversely,  along  the  a-  and  c— axes  it  expands 
during  the  heating  in  ferroelectric  phase  and  begins  to  con¬ 
tract  in  paraelectric  phase  [l3j. 


Par.  5.  Sodium  Nitrite 


Figure  2.11.  Projection  of  the  struc¬ 
ture  of  NaN02  onto  the  plane  (100). 

Small  circles  are  nitrogen,  medium- 
sized  circles  —  sodium,  large  cir¬ 
cles  —  oxygen  (After  Wyckoff  [20]). 

At  room  temperature  sodium  nitrite  (NaNO,)  has  a  rhom- 

bic  structure  belonging  to  space  group  C2v — Im2M  [19].  Unit 

cell  has  the  parameters  a=5.390,  b=5-578  and  c=570  A  [20]  and 
contains  two  formulaic  units.  The  lattice  of  NsN02  may  be 

represented  as  the  lattice  of  MaCl  in  which  chlorine  ion  is 
replaced  with  NO^  ion  with  0 — N — C  angle  equal  to  115°  whose 

bisector  is  oriented  along  b-axis  of  the  NaN02  lattice  and 

whose  plane  lies  in  the  plane  (lOl)  of  the  cubic  lattice  of 
NaCl  (Figure  2.11).  Sodium  atoms  are  surrounded  respectively 
by  six  ions  of  N02  and  the  ions  of  N02  —  by  six  sodium  atoms. 
The  b-axis  is  the  I’errcel ectric  axis. 

Approximately  at  l60"'C  the  noncentrosymmetrical  struc¬ 
ture  changes  into  a  centrosymmetrical  structure.  Parae.lectric 
phase  is  rhombic  and  belongs  to  space  group  D2£ — Immm.  At 

2G5°C,  parameters  of  the  unit  cell  are  equal  tc:  a=5*33?  b= 

=5.68  and  c=3.69  A. 

Above  Curie  point,  oxygen  atoms  in  N02  groups  oscillate 

along  the  axis  [010]  near  those  positions  which  are  defined  by 
the  centrosymmetrical  space  group. 

With  the  assumption  of  a  purely  ionic  structure  the  cal¬ 
culated  value  of  spontaneous  polarization  proved  to  be  equal  to 

7k  •  10~6  coulombs/cm2  [21].  This  value  exceeds  by  one  order 
the  experimental  value  of  spontaneous  polarization  in  NaNO-,, 
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Agreement  between  the  calculated  and  experimental  values  re¬ 
sults  if  a  charge  equal  to  unity  is  assigned  to  a  sodium  ion, 
to  nitrogen  —  a  charge  equal  to  -0.36  and  to  oxygen  —  a 
charge  equal  to  -0.32  [21J.  This  indicates  a  strong  covalence 
of  bonds  in  NOg  group. 
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CHAPTER  3.  THERMODYNAMIC  THEORY  OF  FERROELECTRICITY 

Many  physical  properties  of  ferroelectrics  are  well  described  by 
thermodynamic  theory  (with  the  exception,  perhaps,  of  their  behavior  in 
a  narrow  temperature  range  near  transition  point,  and  also  with  the  ex¬ 
ception  of  some  nonlinear  effects). 

The  principles  of  this  theory  were  laid  down  by  Ginzburg  [l;  2] 
and  Devonshire  [3j  who  applied  Landau  [4]  thermodynamic  theory  of  phase 
transitions  to  ferroelectric  crystals. 

Thetmodynanic  theory  makes  it  possible  to  describe  phenomenologi¬ 
cally  thermal  mechanical  and  dielectric  properties  of  ferroelectric  crys¬ 
tals,  predict  possible  changes  in  their  symmetry  in  the  case  of  transi¬ 
tion  of  the  second  kind,  to  interconnect  various  physical  quantities  with 
anomalous  temperature  dependence,  etc. 

This  chapter  sets  forth  the  principles  and  some  results  of  thermo¬ 
dynamic  theory,  and  also  examines  the  question  of  the  range  of  its  appli¬ 
cability.  Material  presented  in  this  chapter  pertains  only  to  single- 
domain  crystals.  The  last  circumstance  is  connected  with  the  fact  that 
thermodynamic  theory  of  d»w.ain  structure  has  been  developed  cons.derably 
less  (a  hrief  review  of  results  of  this  theory  may  be  found  in  chapter  7y. 


Far.  1.  Ferroelectric  Phase  Transition 

The  basis  of  Landau  theory  is  representation  of  phase  transition 
which  takes  place  3$  a  result  of  a  change  in  symmetry  and  not  in  the 
state  of  aggregation  of  a  body.  From  the  standpoint  of  macroscopic  theory 
the  symmetry  of  a  system  is  described  by  the  so-called  factor  of  order 
-n.(t,  p)  which  is  equal  to  zero  in  disordered  phase  and  is  nonzero  in  phases 
characterized  by  a  lower  systnetry.  For  ferroelectric  transitions  the 
order  parameter  may  be  provided  by  spontaneous  polarisation  occurring  as  a 
result  of  displacement  of  atomic  subiattices  or  ordering  of  atomic  or 
molecular  groups,  which  brings  about  the  appearance  of  macroscopic  dipole 
moment 


1)  See  footnote  on  next  page. 
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If  during  the  change  in  temperature  the  order  factor  of  changes 

suddenly,  then  a  phase  transition  of  the  first  kind  exists,  when  the  sys¬ 
tem  permits  in  a  certain  region  the  existence  of  two  phases  within  which 
thermodynamic  functions  are  two-valued.  Therefore,  with  the  transition 
the  state  of  the  system  changes  suddenly,  a  temperature  hysteresis  is  ob¬ 
served  and,  consequently,  absorption  or  release  of  heat  takes  place. 

In  the  case  of  a  phase  transition  of  the  second  kind  “A,  as.  well 
the  thermodynamic  functions,  changes  continuously,  but  a  sudden  change  is 
experienced  by  their  derivatives  (thermal  capacity,  compressibilitv,  spe¬ 
cific  inductive  capacitance,  etc.);  however  no  release  of  latent  heat 
takes  place. 


1.  Phase  Transition  of  the  Second  Kind 


Suppose  the  state  of  a  system  is  described  by  thermodynamic  poten¬ 
tial  4>(P>  'i,  H)  2)  which  is  postulated  in  the  form  of  an  expansion  with 
respect  to  the  powers  of  i.e. 


(3.1) 


where  coefficients 
of  the  pressure  p. 


a,  A,  B,  etc.  are  functions  of  the  temperature  T  and 


Inasmuch  as  the  states  with  an  T\=0  and  'H#)  are  characterized 
by  their  symmetry  and  since  at  any  point  with  an  ^=£-0  near  the  transi¬ 
tion  <J>  must  be  minimal,  an  a=0  should  be  assumed  in  the  entire  range 
of  temperature  variation.  It  is  also  obvious  that  in  symmetrical  phase 


A^O  in  accordance  with  the  condition  that  ^ — —J  ^>0.  Conversely,  with 


ar.  A<0  corresponds  to  the  condition  of  minimum  ^  and  C  ✓'O.  Con¬ 

sequently,  at  the  transition  point  itself  Ag=0.  In  addition  to  this,  on 
the  basis  of  these  considerations  Be=0.  Attention  has  to  be  paid  here  to 
one  important  circumstance;  if  in  a  certain  region  E(p.  T)  vanishes  iden- 


1)  In  the  general  case,  lattice  symmetry  is  symmetry  of  the  density 
function  f(x,  y,  z)  [4]  which  defines  the  probability  of  different  posi¬ 
tions  of  particles,  including  el  '.ctrons.  The  last  is  of  basic  signifi¬ 
cance  inasmuch  as  a  ferroelectric  transition  does  not  necessarily  have  to 
be  imagined  as  a  result  of  dis^acement  cf  ions.  As  Jaynes  and  others 

[5,  6]  have  shown,  fn  p'inciple,  ransition  may  also  take  place  as  a  re¬ 
sult  cf  a  change  in  the  symmetry  of  the  function  describing  the  state  of 
lattice  electrons. 

2)  It  is  assumed  here  that  in  the  case  of  equilibrium  <|>(p,  T»  ^ 
has  a  minimum  in  relation  to  the  variable  k\.  ^Kp»  T,  y^)  selected  in 
such  a  manner  that  entropy  S  is  connected  with  ft  by  the  relationship  S= 


S  .  See  Par.  3,  subparagraph  2  concerning  thermodynamic  functions 


as  applied  to  different  external  condition;. 
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tically  because  of  the  properties  of  symmetry,  then  only  the  condition 
Ag,<p,  T)=0  remains  in  this  case,  and  a  line  cf  phase  transitions  exists 
in  the  p,  T  plane.  If  however,  B(p,  T)  does  not  vanish  identically,  then 
only  isolated  points  of  the  phase  transitions  exist  in  the  p,  T  plane  with 
these  points  being  determined  from  the  condition  Aq(p,  ’')=0  and  BQ(p,  f)=0. 
We  will  assume  that  the  conditions  B(p,T)~G  and  D(p,  i)= 0  are  satisfied. 


Thus,  on  the  basis  of  the  above  considerations  the  expression  for 
thermodyi-emic  potential  has  a  form  of  expansion  with  respect  to  t-he  2ven 
powers  of 

f.  +  +  ...  (3.2) 

In  addition  to  this,  on  the  basis  of  the  condition  ar  minimum  (i.e. 

A^_e=0  aj»d  /’O)  A(T)  may  be  written  in  the  form  of  a  lin¬ 

ear  temperature  function: 

"■(#-):  «*-•>  (%.3) 


(9  is  Curie  point). 

Next,  from  the  condition  of  the  minimum 


we  will  find 


V 


(3.6) 


after  which  the  change  in  the  entropy  AS  and  a  sudden  change  in  thermal 
capacity  £pp  with  transition  are  determined  as  fellows 


& »  “  ef  ~  '«r  55  (tt)}  ’z? • 


(3.5) 

(3.6) 


where  S„  <*nd  cn  are  respectively  entropy  and  thermal  capacity  in  dis¬ 


ordered  phase. 


Representations  set  lorth  above  and  formulas  (3. 2) "(3.6)  obtained 
on  the  basis  of  them  are  made  use  of  in  Ginzburg  |_2J  thcrmouynamic  theory 
of  ferroelectricity.  Inasmuch  as  spontaneous  polarization  Ps  has  prop¬ 
erties  which  are  characteristic  of  the  order  factor  -n  (Ps=0  disordered 
yhase  and  Ps^O  in  ordered  phase),  the  expansion  of  <p(Ps)  in  the  absence 
of  external  field  E  has  a  form  similar  to  <^(oq)  (formula  3.2) 

If  the  field  E  is  nonzero,  then  total  polarization  P=Ps+Fi  (Pi  is  polar¬ 
ization  induced  by  the  field)  is  present  in  the  expression  for  <|>« 


was  made  use  of  in 


1)  Later,  expansion  of  with  respect  to  induction  components  0 


With  E=0  ,  Ds=  6JXPS,  i.e.  expansions^  of  <$>(PS) 


and  «3?(0S)  are  quivalent.  However,  when  Z*0,  expansion  of  4*(0)  is  more 
correct.  It  can  be  shown  that  the  total  differential  of  polarization  work 
function  of  a  dielectric  is  (iTDEdD,  and  not  SdP.  The  relative  error 
when  vsi.-s  <|>(P)  is  of  order  of  E/P  or  fc£AP  and  is  substantial  only 

when  suit icicntly  far  from  8(t>$>  or  is  in.  the  saturation  region  P(£). 


-  38 


Dielectric  constant  will  be  found  after  substituting  the  definition 
of  Fs=  in  (3.8a)  with  account  taken  of  (3.9): 

:  T>*‘  (3.11a) 

•",  +  n*rrJ7;  r<*  (3.11b) 

By  analogy  with  the  well  known  law  for  permeability  ft(T)  t}}^.  de¬ 
pendences  £(T)  have  the  name  Curie-Weiss  law  and  the  quantity  C=  is 

“e 

called  Curie  constant. 

It  follows  from  the  formulas  (3.11a  and  b)  that  the  slope  of  the 

straight  line  j(T)  when  r>Q  is  smaller  by  one  half  than  when  T<$. 

This  effect  ("the  law  of  dyad")  is  well  confirmed  by  experiments.  It 
should  be  underscored  that  formulas  (3.11a  and  b)  are  valid  if  tarms  of 

the  order  of  ?\  and  higher,  i.e.  when  Pi^?3  may  be  neglected  in  (3.9). 

Pi^Ps  occurs  only  in  weak  fields  and  at  temperatures  that  are  not  very 
close  to  0.  Nonlinear  effects  cannot  be  neglected  ir.  direct  proximity 
to  0  even  when  £  are  very  small. 
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2.  Phase  Transitions  of  the  First  Kind 


The  relationships  PS(T),  £(T)  and  Cpvf)  obtained  on  the  basis  of 
(3.8)  are  valid  in  the  case  of  phase  transitions  of  the  second  kind.  How¬ 
ever,  in  many  cases  experimental  relationships  contain  explicit  indica¬ 
tions  of  transition  of  the  first  kind.  The  character  of  phase  transitions 
may  vary  according  to  the  values  and  signs  of  the  coefficients  of  expan¬ 
sion  of  <{>,  forming  a  "continuous  gamut"  of  transitions  of  the  second  and 
fi‘st  kina.  Indeed,  in  accordance  with  theory  of  phase  transitions  of  the 
second  kind,  in  the  expression  for  ^  (3.7)  the  coefficient  ^>0.  If 
^<0,  then  we  can  no  longer  limit  ourselves  to  the  fourth-order  terms  (the 
condition  of  minimum  $  is  not  satisfied)  and,  consequently,  it  is  neces¬ 
sary  to  take  the  terms  ^P^  into  account: 

♦  +  (3.12) 


Repeating  the  same  considerations  as  before,  we  will  find: 


(3.13) 


With  a  decrease  of  fl  the  character  of  the  transition  starts  to 
change  and  in  the  extreme  case  of  we  have  the  so-called  critical 
Curie  point  below  which: 


(3.14) 

(3.15) 


and,  consequently,  at  the  c»itical  Curie  point  thermal  capacity  becomes 
infinite.  Such  a  phase  transition  is  also  called  i -point. 

The  law  cf  variation  of  dielectric  consa.ant  when  T>  9  coincides 
with  (3.11a).  However,  below  Curie  point 


fj-  •  r« 1  <•• 


(3.16) 


In  the  case  under  consideration  is  identically  equal  to  zero 
in  a  certain  region  adjacent  to  Curie  point.  However,  crystals  are  also 
possible  in  which  f  vanishes  at.  the  Curie  point  itself  or  in  its  neighbor- 
hoods,  i.e.  £  =  (T— 0C).  In  doing  so,  the  character  of  the  relation¬ 
ships  differs  little  fre©  the  case  with  a  constant  coefficient  that 

has  been  examined.  1) 

We  will  now  examine  a  case  of  phase  transition  of  the  first  kind 

(f  <o). 


1)  In  principle  a  case  is  possible  when  jS(T)-+Q  and  changes  sign 
when  far  fro©  @»  i.e.  in  the  case  of  finite  values  of  Oi(T).  Apparently 
this  case  is  realized  in  ferroelectric-semiconductor  SbSl  mar  T=*23C-  K 
(Curie  point  in  SbSI  corresponds  to  a  temperature  §s=293°K). 


40 


Both  phases  (ordered  and  disordered)  are  in  equilibrium  and,  con¬ 
sequently,  <3>p  /Q-$p  _q  at  the  transition  point  (more  exactly,  in  the 
s  s 

transition  region  since  temperature  hysteresis  is  possible)  and  Ps  changes 
suddenly*  On  the  basis  of  equality  of  thermodynamic  potentials  and  condi- 

^  $  2  'll 3 

tion  rz~  =0  we  will  find  that  at  the  transition  point  itself  P  n  ~  . 

d?s  s02  4y 

With  T=  fij,  ci  does  not  vanish  here.  Unlike  the  phase  transition  of  the 
second  kind,  in  this  case  transition  occurs  as  a  result  of  the  circumstance 
that  one  of  the  states  ^  ^  becomes  metastable.  Therefore, 

it  is  convenient  to  represent  the  quantity  in  transition  region  in  the 
following  form 


(3.17) 

Making  use  of  (3.17), 

we  will  determine  £(T): 

***«,.  +  » Jr -i,)  •  r>'" 

(3.18a) 

*~2V  T  <  *'• 

(3.13b) 

Titus,  the  jump  at  the 

the  transition  is  determined 

3  ft 

transition  point  — . 

2,,«. 

in  terms  of  entropy  jump: 

Latent  heat  of 

(3.19) 

In  most  of  ferroelectrics  known  at  the  present  time  the  phase  tran¬ 
sition  is  transition  of  the  first  kind  approaching  critical  Curie  point. 

In  particular,  temperature  dependences  of  o(,  J3  and  y  (Figure  3.1)  cal¬ 
culated  in  [8j  from  empirical  daca  of  Meherhofer  [9]  indicate  that  pre¬ 
cisely  such  a  transition  occurs  near  0=12O°C  in  BaTiO^  single  crystals. 

Strictly  speaking,  the  case  examined  here  corresponds  to  phase  tran¬ 
sition  of  the  first  kind  approaching  critical  Curie  point,  i.e.  a.  and  fi 
near  T^B^  are  very  small.  If  this  condition  is  not  satisfied,  i.e.  <CG 

and  is  large  in  absolute  value,  then  we  have  a  case  of  sharply  marked 
phase  transition  of  the  first  kind.  With  <f0,  very  large  corre¬ 

spond  to  a  typical  pyroelectric  differing  from  a  ferroelectric  (undergoing 
transition  both  of  the  first  and  second  kind)  in  that  all  temperature,  pres¬ 
sure  and  electric-field  dependences  are  marked  extremely  slightly.  The 
reason  for  this  "hardness"  can  be  easily  understood  if  qualitative  curves 
^(E,  P)  shown  in  Figure  3.2  are  compared. 

It  is  obvious  that  with  the  transition  from  the  case  "a"  to  the  case 
"b"  the  effect  of  external  factors  (field,  pressure  and  temerature)  will 
decrease  owing  to  the  build-up  of  the  "activation  barrier".  At  the  limit, 
transition  is  not  realized  at  all  in  the  case  "b"  and,  consequently,  the 
temperature  and  nonlinear  effects  characteristic  of  ferroelectrics  are 
absent. 
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Figure  3.1.  Temperature  dependence  of 
OL,  £  and  y  for  BaTi03. 


Figure  3.2.  The  function  <§(P)  for  a 
ferroelectric  (a)  and  for  a  pyroelectric 
(b). 

The  character  of  a  phase  transition  depends  on  many  factors:  sym¬ 
metry,  interaction  of  atoms  making  up  the  crystal  lattice,  internal 
stresses,  etc.  Some  of  them  are  objects  of  microscopic  theory;  others, 
for  example,  synmetry  and  elastic  effects  (see  Par.  2  and  3)  may  be  ex¬ 
amined  within  the  framework  of  phenomenological  theory. 


3.  Range  of  Applicability  of  Thermodynamic 
Theory  and  Effect  of  Fluctuations 

Fluctuations  of  parameters  characterizing  the  equilibrium  of  a 
thermodynamic  system,  in  particular  fluctuations  of  the  order  factor 
may  materially  increase  near  the  phase  transition  points,  i«e.  during 
the  rearrangement  of  crystal  lattice.  Therefore,  description  of  a  tran- 


sition  on  the  basis  of  representations  concerning  equilibrium  thermody¬ 
namic  functions  cannot  be  Justified,  at  least  in  the  region  directly 
adjacent  to  Curie  point.  Assumption  of  the  fluctuations  of  order  factor 
requires  abandonment  of  examination  of  the  spatially  uniform  case,  and 
taking  spatial  distribution  ^(r)  into  account  in  the  expression  for 
i  •  e  • 

*•»  +  (3.20) 

The  term  5, (grad  is  called  correlation  energy  in  Ginzburg's 

works  [10,  ll].  This  term  is  essential  not  only  in  the  descriptions  of 
fluctuations  but  also  in  all  of  those  cases  when  regions  of  appreciable 
change  of  m.(r)  exist. 

The  range  of  applicability  of  thermodynamic  theory  on  the  basis  of 
the  expansion  (3.20)  was  examined  for  the  first  time  by  Ginzburg  [l0]» 

His  approach  was  developed  to  a  certain  extent  by  Kadonoff,  et  al.  [l2]. 
The  theory  in  [12]  as  applied  to  ferroeotrics  is  also  set  forth  in  the 
lectures  by  Blinc  [13]. 

Substituting  ^  by  Ps  we  will  rewrite  the  expansion  (3.20)  for 
ferroelectrics  limiting  ourselves  as  before  to  a  unidimensional  case: 

r.  *)-♦,(#.  r) -*- « <r) /*» + e*  + »,  (rj (gr*a pp.  (3.21) 

Here  is  thermodynamic  potential  per  unit  of  volume 

Thermodynamic  potential  of  the  entire  body  is  equal  to 

In  equilibrium  the  quantity  d£>v  +  ^EavSp  must,  remain  invari¬ 
able  relative  to  infinitely  small  changes 


Cr)-*/*{»)  f  «>{»). 


In  other  words  it  is  necessary  that 

**  —  ^  *P  (i *P  -*  -  a,  gi«4»  r  -  B)  i» — j. 

From  this  we  find: 


UP  +  2gf>i  -  3,  grid'  P  «.  e. 


(3.22) 


With  Sj=0  the  equation  (3.22)  changes  into  the  equation  (3.8a) 
and  the  results  set  forth  above  follow  from  it. 


1)  In  the  examination  given  below  we  neglect  the  change  in  volume. 
In  this  case  it  is  of  no  difference  whether  free  energy  or  thermodynamic 
potential  is  discussed. 
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AuafeNfiiiitfHMtea 


We  will  expand  the  fluctuation  of  the  quantity  P 


into  Fourier  series 


AP.  (,)  ~P(t)~P 


AP  {r)-V />/*';  P<  ~ 


Here  the  the  probability  of  the  fluctuation  ^P(r)  is  proportional 


to: 


(3.23) 


where  A<#v  is  the  change  in  thermodynamic  potential  owing  to  the  fluc¬ 
tuation  A?(r), 

Taking  into  account  that  <£(P  +  Ap)  "  ~~2  + 

+  (^grad2^  we  will  find 

40,  —  \  (*  (P  +  ap  (r»  —  <»  (/>)|  Co  n  f  2 123  (r-*  +  li*sl  I  pi  P-  (3.2^) 

j  .  « 

In  the  expression  (3.24)  we  limited  ourselves  to  terms  quadratic 
with  respect  to  q  and,  consequently,  it  is  valid  when  q  are  not  too 
large.  Substituting  (3.24)  into  (3.23),  we  find: 

•f«D 

}*,!*- r  j  lp<i‘«(IP,l)dj/>'i-j?7(rH.zWP.  '3,25) 

-co 

Since  in  phase  transition  of  the  second  kind  then  for  long¬ 

wave  fluctuations  P q-*<?o,  and  consequently  neglecting  of  fluctuations  is 
impermissible.  In  phase  transition  of  the  first  kind  approaching  critical 
point  the  value  cf  oUTc)afcO  but  is  small  and  accordingly  the  ’ong-wave 
fluctuations  sharply  increase.  Thus,  Lar.dau  theory  is  inapplicable  in 
direct  proximity  to  the  transition  point. 

Specifically,  it  becomes  inapplicable  in  the  temperature  region 
in  which  the  inequality 


tr)  —  /»!  I/*  (r*>  —  (P)*. 


(3.26> 


is  not  satisfied.  This  inequality  requires  that  fluctuations  ol  the  ordei 
parameter  at  distances  of  the  order  of  coherent  length  £  be  much  smaller 
than  the  parameter  itself.  Therefore,  to  evaluate  the  range  of  applica¬ 
bility  of  thermodynamic  theory  it  is  necessary  to  examine  the  correlation 
of  fluctuations. 

We  will  introduce  the  correlation  function: 


I  (r»f)  —  I (r)  ~  |f  (»')  —  P\- 
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The  function  f(r,  r*)  can  ire  calculated  by  following  the  therein  of 
classical  statistical,  •anohar.ics  (sec  in  greater  detail  in  f^i2j>  from  which 
it  follows  that  a  sm-iil  variation  of  the  field  .^(r)  blinds  about  changes 
in  polarization  P(r): 

iP  Jr*  X,  t  l  («')  »,r  (»*)  £c'. 

J  (?  27) 

On  the  other  hand,  it  follows  from  Landau  theory  (see  3.22)  that 
uiFTt'i  +  (d  M  -  2*1  s'^1  *A;0 — Mr  (r). 


Substituting  the  expression  (3.27)  into  (3.28),  -.■»  finds 
j[  [\ir.  4-  es  U:  (:)  -  J.M*)  /  <r>-)  -  m  (>  ~  »'»  ’  P  ”■)  *•  -  1*. 


(3.28) 


(3.29) 


Sinca  F  is  arbitrary,  the  following  is  necessary  to  satisfy  the 
equality  (3.29): 

(to  -V  6)/"  (r)  2*1  i  <.r  -*')• 

where  d*(r  -  r’ »  is  1‘i^ac  delta  f'inct) on. 

With  T and  B=C,  J*=i3  and,  consequently: 

j2«; rr— *)—=»,  (rr) ~*n  <i  -  *■). 


With  T<3  and  B=0,  P^=  -  ~  '.see  3.10) 


[**;  $ -  r.  -  2z,  pid'j ;  (n-)  x.  m  v  -»•). 

Solution  of  these  differential  equations  has  the  following  form: 


o~"  t _ *r 

jr  —  ,• )  '«»>,  • 


where 


.-fcJV-a*  r>9.j 
r<’ ) 


(3.30) 


(•v  .31) 


It  is  assumed  here  that  r  -  r'  is  much  larger  than  Icttice  con¬ 


stant. 


?.c  may  L-e  reeu  iron  (3.21)  that  coherent  ieop.xh  £  increases  as 
'T  £)v  vKjn  T->  $  where,  according  to  f,an<iav.  theory,  V^-s.  When  T=& 
becomes  infinite  and  correlation  between  fluctuation;;  decreases  as  1/r 
(see  (3.30). 
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-  >.r,W  r^YrfM'-Ti  f  i )  if^iusa  . 


It  is  of  interest  to  note  the  correspondence  between  the  divergence 
of  the  quantity  £  and  Curie-Weiss  Law.  Indeed, 


(3.32) 


Taking  (3.31)  into  account  we  will  obtain  eoualities  coinciding 
with  (3.11): 

*  “i  +  *’>•> 

This  result  indicates  how  divergence  in  coherent  length  brings  about 
divergence  in  thermodynamic  derivatives. 

We  will  introduce  the  following  parameter: 

£^». 

Then,  with  account  taken  of  (3.30),  (3.31)  and  (3.10)  the  condition 
(3.26)  gives: 

»  ^  • 


From  this  we  find  the  following  for  critical  value  of 
the  range  of  applicability  of  thermodynamic  theory: 


*  32. Vi • 


(3.33) 


fo  to: 


Taking  (3.6)  into  account,  (3.33)  may  be  written  in  the  following 


.  (_2 _ *_\* 

*ac«.v  ; 


(3.34) 


where  X 


/»i  Vs  . 
\2^bJ  1 


is  coherent  length  extrapolated  to  T=0  and  Ac  is  spe- 


ciflc-heat  jump. 

According  to  Ginzburg's  evaluations  [10]  for  BaTi03.  In 

this  work  the  value  of  5^  (tht  evaluation  of  which  naturally  goes  beyond 
the  framework  cf  thermodynamic  theory)  is  determined  for  the  aggregate  of 
dipoles  whose  moments  change  in  accordance  with  the  following  formula: 

With  qd^fl  (d  is  the  lattice  constant)  the  energy  of  such  a  system 


3*qi — nr»- 


(3.35) 
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The  first  terra  in  (3.35)  is  volume  energy  and  the  second  —  corre¬ 
lation  energy.  It  follows  from  (3.35)  that  ~  d“. 

Experimental  verification  of  Landau  theory'  was  carried  out  by  means 
of  checking  Curie-Weiss  law.  It  was  found  [l4j  that  it  is  observed  for  tri¬ 
glycine  sulfate,  KH2PC4  and  upper  Curie  point  of  Seignotte*s  salt  up  to 

equal  respectively  to  2  •  10"^,  3  *  10“^  and  4  *  10“^.  It  was  found  that 
near  Curie  point 

«  —  (r (3 .36) 


with  =1+0. 02. 

The  reasons  that  V  is  so  small  for  ferroelectrico  in  comparison 
with  the  ether  transitions  (for  ferromagnetics  <t''-'10"2)  consist  appar¬ 
ently  in  that  spontaneous  polarization  is  low  in  comparison  with  the  maxi¬ 
mum  possible  polarization,  when  ior.  sublattices  are  displaced  by  the  lat¬ 
tice  constant. 

It  should  also  be  rated  that  evaluations  for  and  (AP^)g  ob¬ 

tained  in  [10,  ll]  coincide  in  regard  to  the  order  of  value  with  the  cor¬ 
responding  values  determined  with  the  aid  of  model  theories  [15,  i6]  based 
on  rep-ese:;tat< ->n  of  a  self-consistent  effective  field  (see  chapter  4, 

Par.  1).  In  doing  so,  it  provus  to  be  that  in  general  the  condition  for 
transition  may  be  stated  as  a  certain  relationship  between  the  energy  of 
fluctuations  in  the  displacements  of  ions  and  electrostatic  energy  of  fluc¬ 
tuations  of  "hax-1"  (i.e.  p=0)  sublattices. 


The  fact  that  undoubtedly  there  must  be  a  connection  between  fluctu¬ 
ations  and  condition  determining  the  transition  of  a  crystal  into  a  new  phasi 
is  obvious  enough  since  Ps  fluctuates  relative  to  its  equilibrium  value 
owing  to  the  existence  of  thermal  agitation  of  atoms  which  leads  to  a  "dis¬ 
ordering"  of  the  system.  With  T>9  the  existence  of  fluctuations  of  Ps 
means  that  regions  with  a  Ps#)  appear  and  disappear  in  nonfarroelectric. 
phase,  i.e.  nuclei  of  a  phase  with  a  lower  symmetry  appear.  Conversely, 
with  T«C9  regions  with  nor.eqwil ibrium  values  of  Pg  appear  and  disappear. 

At  the  ph^se  transition  print  these  fluctuations  are  restricted  precisely 
by  '.he  interaction  of  atoms,  i.e.  by  the  presence  of  correlation  energy. 

2 

Indeed,  it  the  tern.  S^grad  P)  =0,  then  aftur  the  integration  of  (3.25) 

A&=  kT 


we  will  find  for  fluctuations  a  quantity 
finite  when  of-4-0. 


\2c  \  v 


vhich  becomes  in- 


As  we  seq,  taking  nonuniformity  into  account  leads  to  the  result 

that  A?7”  remains  a  finite  quantity  also  when  T'->0  with  *Tp-  near  the 
transition,  point  being  tfs  smaller  the  higher  the  quantity  $ 

t„e.  the  larger  the  radius  of  inter.aolecular  interaction  d«^(10"^  to  10  ) 

ctr.. 


£-7 


Fluctuation  corrections  into  expressions  for  £(T),  cp(T)  and  com¬ 
pressibility  k(T)  were  determined  in  [ 1 7 j . 


4.  Critical  Indices  in  Thermodynamic  Theory 


Thermodynamic  theory  as  well  as  model  calculations;  for  example 
Ising  model,  etc.,  predicts  that  the  basic  physical  quantities  character- 

izing  a  phase  transition  are  proportional  to  the  quantity  (T  -  {))—  1  i 
when  T~*8.  The  numbers  y^  are  called  critical  indices.  Thes,  indices 
predicted  by  thermodynamic  theory  for  different  physical  quantities  are 
given  in  Table  5. 


Table  5 

Values  of  Critical  Indices  Predicted  by  Landau 
Thermodynamic  Theory  of  Phase  Transitions  of  the 
Second  Kind 
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>0 

0 

0 
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0 
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fip\ 

>0 

0 

‘H'rl*7 

<0 

0 

~ivr* 

I'-t 

Mr')  k  f 

0 

0 

v-0 

{  —  XOf.piKT- 

>0 

0 

~'T 

»— */, 

<0 

0 

»'-•/* 

>0 

0 

~  *,*?+*, 

1*0 

<0 

0 

~  w  +  a, 

••—o 

Key:  (1)  Ph\ :  ..jl  quantity 

(2)  Coherent  length 

(3)  Electric  field 


(4)  Behavior  of  the  quantity 

(5)  Value  of  critical  index 


Except  thermodynsmi.c  theory  and  two-dimensional  Ising  model  (see 
chapter  5,  par.  3)  none  of  the  theories  could  formerly  predict  the  exact 
values  of  critical  parameters  ,  p,  y,  y 8  >  V,  V*  and 

(critical  indices  are  not  to  be  confused  with  physical  quantities  which 
are  indicated  by  the  same  letters). 


A  supposition  (substantiated  by  model  considerations)  was  expressed 
in  a  series  of  works  [ 16-23 ]  and  in  some  of  the  others  that  the  following 
relationships  exist  between  critical  indices: 


^  ^  —  €’  —  1  +  2£  — l'  +  23  —  2"—^  ”*  ?  I1  +  ') 


(3.37) 
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and,  thus,  nine  critical  indices  are  expressed  in  terms  of  two  fundamen¬ 
tal  quantities  characterizing  a  transition  (for  example,  v  and  ol).  Here 
d  is  dimensionality  of  space  for  the  model  selected. 

The  relationships  (3.37)  are  called  similarity  relationships. 

It  may  be  seen  from  Table  5  that  the  relationships  (3.37)  are  sat¬ 
isfied  for  thermodynamic  theory.  Speaking  in  advance,  we  will  note  that 
they  are  also  rigorously  satisfied  for  the  two-dimensional  and  approxi¬ 
mately  satisfied  for  the  three-dimensional  Ising  model  (see  chapter  4, 
par.  3). 

Similarity  relationships  are  of  great  importance  since  it  ‘.urns  out 
l_12]  that  they  can  provide  certain  information  concerning  the  behavior  of 
a  system  in  "critical  region",  i.e.  in  the  region  of  vavelengchs  of  Fourier 
fluctuation  components  smaller  than  coherent  length,  i.e.  n^^l.  It 
should  be  noted  that  since  QQ  when  T*->0,  this  critical  region  extends 
up  to  the  longest  waves,  i.e.  up  to  q —40. 

It  is,  therefore,  understandable  that  experimental  verification  of 
the  relationships  is  of  a  special  interest.  However,  up  to  the  present 
time,  only  the  index  ^y,  i.e.  Curie-Weiss  law  (see  subparagraph  3  of  this 
paragraph)  has  been  measured  with  sufficient  accuracy.  For  the  remaining 
physical  quantities  characterizing  ferroelectrics  there  has  not  as  yet  been 
made  a  study  of  thr’r  temperature  behavior  with  sufficient  accuracy  near 
the  transition, point  and,  therefore,  such  a  study  remains  to  be  one  of  im¬ 
portant  tasks  for  the  future. 

One  of  the  latest  achievements  in  the  field  of  theoretical  substan¬ 
tiation  of  similarity  relationships  is  a  work  by  Migual  [24],  The  results 
he  obtained  will  apparently  make  it  possible  to  calculate  in  the  future  che 
critical  indices  for  some  ol  the  microscopic  models. 

Par.  2.  Ferroelectric  Transition  and  Symmetry  of  Crystals 

Preceding  paragraph  investigated  a  unidimensional  ferroelec¬ 
tric,  i.e.  it  was  assumed  that  spontaneous  polarization  is  characterized 
by  one  component  Ps  and,  accordingly.,  the  crystal  has  only  one  ferroelec¬ 
tric  axis. 

Inasmuch  as  the  basis  of  Landau  theory  is  representation  of  phase 
transition  connected  with  a  change  in  che  symmetry  of  the  crystal  for  a 
three-dimensional  case,  it  is  necessary  to  find  such  a  general  form  of 
notation  tor  the  thermodynamic  potential  <£>  which  by  itself  would  con¬ 
tain  the  possibility  of  different  changes  in  the  symmetry  of  a  crystal 
in  phase  transitions.  It  is  obvious  that  as  before,  a  measure  of  this 
change  must  be  the  order  factor  iq  and  both  phases  (more  or  les>  sym¬ 
metrical)  must  satisfy  the  condition  of  minimum 

The  approach  to  the  description  of  phase  transition  from  the  posi¬ 
tions  of  symmetry  theory  consists  in  that  the  thermodynamic  potential  of 
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of  each  phase  must  be  invariant  in  relation  to  those  synraetry  operationr 
the  aggregate  of  which  forms  a  symmetry  group  of  this  phase.  In  doing  so, 
transition  into  a  less  symmetrical  phase  is  connected  with  a  disappearance 
of  one  or  several  symmetry  elements,  i.e.  with  a  transition  of  the  group 
into  its  subgroup.  Therefore,  order  factor  must  be  connected  with  synmetry 
operations  in  such  a  manner  that  its  changes  would  lead  to  corresponding 
changes  in  the  number  of  symmetry  elements  in  the  group.  This  method  of 
describing  the  phase  transitions  was  developed  by  Landau  and  Lifshits 
for  phase  transitions  of  the  second  kind  [25,  26*]  and  was  used  later  by 
Indenbom  [27,  28  J  for  the  analysis  of  possible  realizations  of  ferroelec¬ 
tric  phase  transitions  in  crystals  belonging  to  different  classes  of  sym¬ 
metry,  In  addition  to  this,  it  is  possible  to  determine  different  changes 
in  the  symmetry  of  a  crystal  in  the  case  of  a  ferroelectric  transition  on 
the  basis  of  Curie  principle  which  connects  a  change  in  the  symmetry  of  a 
system  during  an  external  action  upon  it  with  the  synscetry  of  this  action. 

Both  of  these  approaches  are  based  on  group  theory  the  basic  prin¬ 
ciples  of  which  are  given  in  chapter  6.  A  bibliographic  reference  on  lit¬ 
erature  devoted  to  the  application  of  group  theory  in  physics  is  also  given 
there. 


1.  Change  in  the  Symmetry  of  Crystals  in 
Phase  Transitions  of  the  Second  Kind 

In  a  phase  transition  of  the  second  kind  the  order  factor  (for 
example,  spontaneous  polarization)  continuously  tends  to  zero  during  the 
approach  to  Curie  point  and  vanishes  at  the  transition  point,  Howev-7, 
the  symmetry  of  a  crystal  changes  at  the  transition  point  discontinuous^ 
since  -t  rs  possible  to  show  at  every  moment  to  which  one  of  the  two  phases 
the  body  is  related.  At  the  transition  point  the  states  of  both  phases 
coincide  and,  therefore,  symmetry  must  contain  symmetry  elements  of  both 
phases. 


In  the  case  of  phase  transitions  of  the  first  kind  the  order  para¬ 
meter  changes  discontinuously.  Two  different  phases  are  in  a  state  of 
equilibrium  at  the  transition  point.  Therefore,  on  the  basis  of  considera¬ 
tions  similar  to  those  set  forth  -uuve  no  restrictions  can  be  imposed  on 
che  change  in  symmetry  in  the  ,ase  of  a  phase  transition  of  the  first  kind. 

Of  course,  it  is  possible  to  attempt  to  extend  such  an  examination  to  the 
phase  transitions  of  the  first  kind  that  are  cio;e  to  the  critical  point 
but  it  should  be  remembered  that  such  attempts  have  no  rigorous  substan¬ 
tiation. 

A  method,  less  general  but  one  quickly  leading  to  the  accomplishment 
of  the  aim,  is  usually  employed  in  the  examination  of  phase  transitions 
of  the  first  kind.  This  method  consists  in  that  in  the  expression  for 
only  those  combinations  of  coefficients  at  are  kept  which  leave 
invariant  in  relation  to  the  operations  of  pre-set  symmetry  of  the  respective 
phases.  In  practice  this  was  precisely  what  was  done  by  the  authors  of 


uv-n  of  the  works  devoted  to  thermodynamic  theory,  for  example  in  the  deter- 
- ;icn  of  $  for  the  cubic,  tetragonal,  orthorhombic  and  rhnmbohedral 
phases  of  BaTi03.  This  method  can  be  connected  with  Curie  principle  (see 
subparagraph  3). 

Two  important  inferences  may  be  drawn  from  the  foregoing  for  phase 
transitions  of  the  second  kind,  stating  them  for  convenience  in  terms  of 
group  theory  (these  inferences  will  be  laid  down  as  a  basis  for  the  further 
exposition) : 

1)  symmetry  group  G  of  one  of  the  phases  is  a  subgroup  of  symmetry 
group  Go  of  the  other  phase; 

2)  changes  in  the  symmetry  of  a  crystal  correspond  co  one  of  the 
irreducible  representations  of  a  highly  symmetrical  phase. 

We  will  explain  the  sense  of  the  proposition  2.  Suppose  fg(x,  y»  z) 
is  a  density  function  defining  the  distribution  of  probabilities  of  differ¬ 
ent  positions  of  atoms  in  a  crystal.  The  symmetry  of  a  crystal  lattice  is 
an  assemblage  (group)  of  transformations  of  coordinates  in  relation  tc 
which  ^g(x,  y»  z)  invariant.  If  a  phase  transition  of  the  second 
kind  takes  place  and,  consequently,  the  state  of  the  crystal  changes  con¬ 
tinuously,  then  function  />(*,  y,  z)  of  the  new  phase  may  be  represented 
in  the  following  form: 

9.  •)—»,{*.  s.  0 +  **>(*•  r.  «)- 


The  function  8 f q  may  be  expanded  with  respect  to  the  base  func¬ 
tions  of  irreducible  representations  of  the  group  /q:  *) 

2  2 f  3. 38' 

•  * 

Here  u  indicates  the  number  of  irreducible  representation  and  i 
—  tfte  number  of  the  line  of  the  n-th  irreducible  representation. 

The  term  connected  with  that  base  function  which  is  invariant  in 
relation  to  all  transformations  of  the  Go  group  and  consequently  realizes 
a  unit  irreducible  representation,  can  be  simply  included  in  /q  by  re¬ 
writing  the  expansion  (3.38)  in  the  following  form: 

(3.39) 

•  > 

The  prime  shows  here  that  the  term  corresponding  to  the  unit  re¬ 
presentation  is  omitted. 


1)  The  proof  that  base  functions  of  irreducible  representations 
form  a  complete  set  of  functions  Is  contained  in  any  one  of  the  courses 
on  group  theory  listed  in  chapter  6. 
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Proposition  2  means  that  two  different  and  two  independent  phase 
transitions  slay  correspond  to  two  different  irreducible  representations* 


In  accordance  with  this,  we  will  henceforth  omit  the  index  n 
bearing  in  mind  than  the  irreducible  representation  which  is  connected 
with  the  phase  transition  under  consideration  was  left  in  (3.39). 

I'  a  phase  transition  of  the  second  kind  is  examined,  then  -4  0 

when  T— #6  and,  consequently,  all  values  of  cj  must  also  tend  to  zero  when 
T-aflL  Therefore,  we  can  expand  thermodynamic  potential  ^(p,  T,  ci)  with 
respect  to  the  powers  of  c±  near  Gurie  point. 

We  will  introduce  the  following  notation: 


Tfj; 


(3. AO) 


It  follows  from  (3.40)  that: 


(3.41) 


Taking  (3.40)  and  (3.41)  into  account,  we  can  write  the  expansion 
for  thermodynamic  potential  in  the  following  form: 


e-«,(p.  r)  +  yx  (p.  n+y*(,.  r)/o*(T.)-fy 2^.(7.  VfFiW- 


(3.42) 


;00 


Here  f^  is  an  invariant  of  the  k-th  order  made  up  of  quantities 
(Ki)'  In  the  sum  over  d  there  a«.“s  as  many  terms  as  there  are  fourth-order 
invariants.  In  writing  (3.42)  it  was  taken  into  account  that  there  exists  only 


one  second-order  invariant 


equal  in  accordance  with  (3.41)  to 


unity.  Also  taken  into  account  was  theorem  proven  in  [29]  according  to  which 
there  cannot  be  more  than  one  third-order  invariant  for  irreducible  re¬ 
presentations  of  the  space  groups. 

This  proposition  which  was  put  forth  earlier  as  a  hypthesis  in  the 
monograph  [4j  is  very  essential  for  thermodynamic  theory.  Indeed  if 
third-order  terms  are  absent  in  the  e: 'ansion  (3.42),  then  condition  for 
the  transition  has  the  form  A(p8)=0  and  a  whole  line  of  phase  transitions 
exists  in  the  pi  plane.  If  a  third-order  term  is  present  (see  [4j,  p  526), 
conditions  3^(P0 are  added  and,  consequently,  if  one  third-order  in¬ 
variant  exists,  then  there  are  isolated  phase  transition  points  in  the 
pT  plane,  which  have  not  been  observed  up  to  the  present  time.  If  more 
than  one  third-order  invariant  existed,  then  more  than  two  equations  would 
result  for  th«  determination  of  two  quantities  p  and  $,  which  has  no 
physical  sense.  Therefore,  we  will  limit  ourselves  to  the  case  when  a 
line  of  phase  transition*  exists  in  the  pT  plane  and  third-order  terms  are 
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absent  owing  to  symmetry.  In  this  case  the  expansion  (3.42)  may  be  re¬ 
written  in  the  following  form: 

*  -  *»  +  X  (p.  T)  v  +  V  2  c.  {p.  T)  /<«>  ft,).  (3,43) 


Inasmuch  as  the  second-order  term  does  not  contain  the  quantities 
these  quantities  are  determined  from  the  condition  of  rainiraalness  of  the 
fourth-order  terms,  i.e.  of  the  coefficient  with  in  (3.43)  X>.  If 
the  minimal  value  of  this  coefficient  is  indicated  by  c(p,  T),  we  will  ob¬ 
tain  the  expansion  (3.7).  Then  the  parameter  A  can  be  determined  from 
the  condition  of  minimum  (as  in  3.8  and  3.9)  and,  consequently, 

*»— (3.44) 

« 


The  functions  Vi  found  in  this  manner  will  define  the  change  in 
symmetry  during  a  phase  transition. 

Up  to  the  present  time  we  limited  ourselves  to  a  case  of  a  homoge¬ 
neous  crystal.  In  order  to  examine  a  heterogeneous,  for  example  strat¬ 
ified  crystal,  it  i£  necessary  to  taken  into  account  that  depends  not 


only  on 


.(n) 


but  also  on  their  derivatives  with  respect  to  coordinates. 


Therefore,  near  the  transition  point,  it  is  necessary  to  take  into  ac¬ 
count  in  the  expansion  of  thermodynamic  potential  q>  the  units  of  vol¬ 
ume  not  only  of  the  power  of  c^  but  also  their  derivatives  with  respect 
to  x,  y  and  z.  in  order  that  (fe  be  minimal  without  stratification  into 
regions  characterized  by  different  values  of  varying  with  the  coor¬ 
dinate  (as  this  occurs,  for  example,  during  fluctuations),  it  is  neces- 

fcci 

sary  to  require  that  terms  containing  space  derivatives  or  deriva- 

tives  be  identically  equal  to  zero  in  Q.  In  doing  so,  the  thermo¬ 
dynamic  potential  of  the  entire  crystal  must  be  minimal,  i.e.  dv 

v 

(minimum  related  to  a  unit  of  volume  is  determined  in  the  case  of  a 
homogeneous  crystal).  It  is,  therefore,  clear  that  after  integration  the 
quantity  aVcj,  i.e.  total  derivatives,  leads  to  the  appearance  of  a  con¬ 
stant  in  the  expression  for  which  is  not  essential  in  the  deter¬ 

mination  of  the  minimum  ^y.  The  same  also  applies  to  symmetrical  corn- 
combinations  * 

<»p?+c*'5r“'to  <**«*>+  — 


and,  consequently,  the  following  antisymmetries!  combinations  are  essen- 


1)  Ouf  course,  in  practice  it  is  not  possible  to  determine  the 
quantities  Vi  the  condition  of  minimalness  of  the  fourth-order 

term  in  (3.43)  since  knowledge  of  the  coefficients  Ca(p,  T)  for  differ¬ 
ent  irreducible  representations  is  necessary  for  such  a  procedure. 
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Quantities  proportional  to  \~^xj  *  i,e*  lUQSe  wm.cn  uaa  co  cne 

appearance  of  correlation  energy  Sj(grad  'll)2,  must  be  essentially  posi¬ 
tive.  However,  this  does  not  impose  any  limitations  on  c^  and,  conse¬ 
quently  on  since  similar  quadratic  forms  exist  for  c^,  which  ari 

transformed  in  accordance  with  any  one  of  irreducible  representations 
(see  [4,  30]).  Therefore,  henceforth  we  will  be  concerned  first  of  all 
with  the  presence  in  of  invariants  which  contain  the  following  anti- 
symmetrical  combinations  of  derivatives 


i.e.  those  which  iuad  to  the 


Thus,  if  a  case  is  examined  when  we  have  a  homogeneous  crystal  it 
is  necessary  to  require  an  absence  of  invariants  corresponding  to  expres¬ 
sions  of  the  following  type 


(3.45) 


It  follows  from  the  foregoing  that  the  raiqre  of  possible  changes 
in  symmetry  in  phase  transitions  of  the  second  kind  may  be  limited  by 
two  requirements,  namely:  irreducible  representation  with  which  a  phase 
transition  is  connected:  a)  must  not  allow  the  existence  of  a  third-order 
invariant,  b)  must  not  allow  invariants  made  up  of  quantities  of  the  form 
(3.45).  Irreducible  representations  which  satisfy  the  conditions  a)  and 
b)  are  called  active  representations. 

It  can  be  shown  that  out  of  an  infinite  number  of  irreducible  re¬ 
presentations  of  every  space  g^oup  only  a  few  prove  to  be  active,  and 
that  they  can  be  found  by  making  use  of  the  conditions  a)  and  b)  [26,  30]. 

Investigations  in  this  direction  have  been  carried  out  for  ferrc- 
eiectrics  in  the  works  [27,  28,  31]  and  in  other  works. 

It  is  of  interest  to  note  that  in  a  number  of  cases  a  conclusion 
concerning  the  character  of  a  phase  transition  can  be  drawn  on  the  basis 
of  theory  set  forth  above.  Indeed,  if  a  phase  transition  is  connected 
with  an  active  irreducible  representation,  it  can  be  both  of  the  first 
and  second  kind  hut  if  a  transition  is  connected  with  an  "inactive"  ir¬ 
reducible  representation,  it  must  be  only  a  transition  of  the  first  k.nd. 

Baking  use  of  the  condition  a)  and  b)  Lawdau  [4]  proved  a  theorem 
according  to  which  phase  transition  of  the  second  kind  can  exist  for 
every  change  in  the  structure  connected  with  a  d2creasa  in  the  number  of 
symmetry  elements  by  one  half,  and  expressed  a  supposition  (as  yet  un¬ 
proven)  according  to  which  phase  transitions  of  the  second  kind  cannot 
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exist  for  changes  in  the  structure,  connected  with  a  decrease  in  the  num¬ 
ber  of  symmetry  transformations  by  3  times. 

An  example  of  phase  transitions  with  which  the  number  of  symmetry 
elements  changes  by  half  maybe  provided  by  KH2PO4,  triglycine  sulfate, 
Seignette's  salt,  etc. 

But  in  a  ferroelectric  (NHjCt^jAlCSO^) ,  for  example,  t‘ie  number  of 
symmetry  elements  in  a  space  group  of  low-symmetrical  phase  is  not  equal 
to  one  half  of  the  elements  in  a  space  group  of  paraelectric  (highly 
synuietricai)  phase  (a  group  of  paraelectric  phase  (p23i  of  ferroelectric 
phase  (p2)).  Transition  is  connected  with  a  three-dimensional  irreduc¬ 
ible  representation  of  F.  It  can  be  shown  that  one  third-order  invariant 
exists  for  thi3  irreducible  representation  and,  consequently,  ferroelectric 
transition  in  this  crystal  is  unquestionably  of  the  first  kind. 


2.  Ferroelectric  Transitions  in 
Crystals  of  Different  Symmetry 


Concrete  expressions  for  <f>(P)  as  applied  to  crystals  belonging 
to  different  symmetry  classes  can  be  examined  with  the  aid  of  formula 
(3.42).  As  before,  we  will  assume  an  =} Ps| •  Now  |Pgj  is  absolute 

value  of  the  three-dimensional  vector  Ps.  Unlike  this  equality,  a  dimen¬ 


sionless  normalised  quantity  \  is  in  (.42).  However, 
cause  difficulties  since  the  normalizing  factor  ^  1 


this  should  not 

can  be  intro¬ 


duced  into  (3.42),  i.e.  into  the  respective  coefficients  A,  B  and  C^ 

( Ip  I  is  maximum  value  of  polarization  in  the  least  symmetrical  phase 

I  st  max 

and  n  is  exponent  of  the  corresponding  term  in  $>  .  On  the  basis  cf 
the  foregoing  we  will  rewrite  (3.42)  in  the  following  form: 

♦  *.j-  p») - ♦. (T)  +  p.j  +  +  (3.46) 


Summing  is  done  ever  twice-repeating  indices.  In  this  expression 
the  quantities  Pgi  are  transformed  in  accordance  with  irreducible  repre¬ 
sentations  of  the  point  group  during  the  action  of  symmetry  operations  of 
the  crystal  class  in  question. 


Thus,  for  cubic  crystals  (class  T  and  0)  PgX,  PSy  and  PSI  are 
transformed  in  accordance  with  a  three-dimensional  irreducible  representa¬ 
tion,  and  in  the  case  of  the  so-called  uniaxial  crystals,  for  example  for 
the  class  C^,  Psx  and  ,p?y  they  lie  in  the  symmetry  plane  and  are  trans¬ 
formed  in  accordance  with  two-dimensional  representation.  Only  one  com¬ 
ponent  cf  spontaneous  polarization  exists  in  biaxial  crystals  (for  example, 
Seignette's  salt,  class  02).  ln  transitions  of  the  second  kind  the  fifth- 
and  sixth-order  terns  do  not  have  to  be  taken  into  account  in  (3.46).  In 
addition  to  this,  it  is  necessary  to  require  absence  of  third-order  invar¬ 
iants  since  otherwise  $  has  no  minimus  when  T=6  (isolated  transition 
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points  are  not  examined).  Next,  inasmuch  as  a  homogeneous  single-domain 
crystal  without  stratification  is  examined  an  absence  of  terms  of  the 


type  *si“^  -  -sj 
of  the  transition. 


should  be  assumed  regardless  of  the  character 


The  possibility  of  existence  in  the  expansion  of  <^>(PS)  of  third- 
order  invariants  and  of  invariants  which  contain  derivatives  with  respect 
to  coordinates  was  determined  for  crystals  of  differe.it  symmetry  classes 
in  [27,  28].  It  was  found  that  in  principle  the  classes  D2(222), 

84(4)  and  T(23)  allow  the  invariant  Psx^sypsz*  *n  the  class  D2  (a  biaxial 
crystal)  the  third-order  term  is  not  forbidden  in  by  symmetry;  however, 
it  does  not  play  any  role  anyway  since  the  transition  is  determined  by  only 
one  component  of  the  vector  Ps  (for  example,  the  transition  D2h£C2v  iR 
SbSI  and  in  KH2PO4). 

In  the  class-D2d  crystals,  upon  the  appearance  of  polarization  in 
the  base  plane,  crystal  symmetry  also  requires  the  appearance  of  secondary 
polarization  along  the  second-order  principal  axis.  Similar  effects  should 
be  observed  in  the  class-S4  crystals  (i.e.  those  having  an  axis  of  rotary- 
reflection  of  the  fourth  order)  in  which  invariants  of  the  type  PsxPsyPsz 
and  PszCPgx  “  ply)  are  allowed  in  principle. 

Invariant  PsxPsyPsz  possible  in  the  classes  T  and  Td  (cubic 
crystals  having  no  center  of  symmetry),  and  therefore  phase  transitions 
of  the  first  kind  may  take  place  in  these  crystals.  In  principle,  crys¬ 
tals  of  the  class  03*  Djj,  and  allow  third-order  invariants  of  the  type 
Ps*(3P2  -  Plx)  or  PSy(3P|x  "  P|y).  Therefore,  if  ferroelectrics  of  this 

type  exist,  a  phase  transition  ot  the  second  kind  is  possible  in  them 
only  if  spontaneous  polarization  appears  along  the  third-order  principal 
axis,  i.e.  when  Psk=Piy=0- 

Invariants  requiring  a  stratification  of  the  crystal  may  have  the 
following  form;  a)  psx  "  PSv  |X  ant*  &)  ps  rot  ps  ^a  more  general 

>pxv  *Psx  . 

case).  In  principle  the  invariant  PsjfJz  ~  P£y'£ “  is  allowed  by  the 

classes  D3,  D4  and  and,  therefore,  phase  transitions  of  the  second  kind 
are  possible  in  them  only  when  PSX=P  =0;  psz^  i‘e*  in  c^e  case 
polarization  oriented  along  the  principal  axis.  The  invariant  Ps  rot  Ps 
is  allowed  by  the  classes  T  and  0  (noncentrosynmetrical  cubic  crystals) 
and,  therefore,  ferroelectric  transitions  of  the  second  kind  are  forbidden 
in  these  crystals.  Thus,  all  crystals  having  n  horizontal  symmetry  plane, 
i.e.  crystals  of  the  class  C4},,  D4J,.  D311,  0^,  D$h»  T6  and  °h  do  not  con¬ 
tain  in  <5>(P)  odd-order  invariants  and  invariants  with  antisyraraetrical 
*  -ip  { 

combinations  In  remaining  cases,  phase  transitions  of 

the  first  kind  having  a  number  of  special  characteristics  owing  to  the 
presence  of  odd-order  invariants  may  be  observed  in  uniaxial  and  cubic 
crystals. 
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On  the  basis  of  knowledge  of  crystal  symmetry  in  the  region  Ps=0, 
the  results  obtained  make  it  possible  to  "design"  thermodynamic  potential 
^p(P)  for  different  ferroelectrics.  In  doing  so,  it  should  be  bom  in 
mind  that  the  expression  <£<p>  In  ferroelectric  phases,  which  results 
on  the  basis  of  expansion  of  (F)  of  the  crystal  in  the  initial  para- 
electric  phase  is  sufficiently  correct  on  the  condition  that  electrostric- 
tive  distortions  of  the  lattice,  i.e.  spontaneous  deformations  when  Ps^0 
are  small.  Strictly  speaking  this  approximation  is  not  always  valid  and, 
therefore,  in  a  number  of  cases  (for  example,  in  the  region  of  low-temper¬ 
ature  transitions  in  BaTiOy)  it  rather  bears  the  character  of  an  illustra¬ 
tion  since  the  form  of  phase  transition  and  even  the  very  condition  for 
its  realization  may  considerably  depend  on  that  portion  of  Sp  which  is 
brought  about  by  electroelastic  effects.  (Effect  of  deformations,  mechan¬ 
ical  stresses  and  electrostriction  is  examined  in  paragrph  3  of  this 
chapter).  Analysis  of  expressions  for  without  taking  electromechanical 
properties  of  ferroelectrics  into  account  is,  nevertheless,  not  only  a 
necessary  stage  in  the  "movement"  toward  a  more  complete  and  exact  thermo¬ 
dynamical  description  of  a  ferroelectric  transition  but  it  also  makes  it 
possible  to  obtain  formulas  for  a  direct  comparison  of  results  of  differ¬ 
ent  microscopic  theories  of  ferroelectrics,  in  which  electromechanical 
effects  are  not,  as  a  rule,  taken  into  consideration. 

Wc  will  examine  the  expansion  of  <£(P)  for  some  of  the  crystals^ 
Seignette's  Salt 

The  region  of  existence  of  spontaneous  polarization  is  bounded  by 
two  Curie  points:  -18  and  +24°C.  Within  this  region  the  crystal  belongs 
to  the  monoclinic  symmetry  class  C2»  In  nonferrcelertric  region  the  crys¬ 
tal  belongs  to  the  rhombic  class  02  and  is  a  piezoelectric  (the  center  of 
syranetry  is  absent).  In  accordance  with  the  foregoing  the  thermodynamic 
potential  has  the  tel lowing  form: 


•  {T ,  P,\  <*»  ♦,  (f)  +  + -j  +  T  *«• 


(3.47) 


Apparently  Seignette's  salt  undergoes  phase  transition  of  the  sec¬ 
ond  kind  at  both  Curie  points  [32].  It  does  not  appear  possible  to  ex¬ 
plain  within  the  framework  of  the  expression  (3.31)  the  existence  of  a 
second,  i.e.  low- temperature  Curie  point,  in  other  words  a  twofold  transition 
m  through  zero.  According  tc  representations  of  a  number  of  authors  the 
second  Curie  point  is  brought  about  by  sti  jng  piezoeffect  and  electro¬ 
striction  [33,  34]  which  are  not  taken  into  account  in  (3.47).  Another 
explanation  of  anomalous  behavior  of  is  based  on  microscopic  represen¬ 
tations  concerning  the  nature  of  spontaneous  polarization  in  Seignette's 
salt  (see  [5,  33-35]  and  par.  3,  chapter  4). 

Triglyctne  Sulfate  (TGS) 


In  nonferroelectric  region  TGS  belongs  to  cc-ntrosynmetrical  class 
C2h  (synsnetry  elements  —  second-order  rotary  axis  C2  and  horizontal  sym- 


metry  plane  tfjj)*  Belov  Curie  point  (40^)  the  crystal  has  a  lower  sym¬ 
metry  group  C2*  Seccnd-order  mon^'.inic  axis  is  the  ferroelectric  axis. 

«*  y 

Consequently,  third-order  invariants  and  terns  of  the  type  nust  be 

absent  in  the  expansion.  Yhur,  pha-u  transition  in  triglycine  sulfate, 
as  well  as  in  terroelectrics  xsomorphous  to  it  —  triglycine  selenate  and 
triglyr.ine  i-1uorob£,iinate  —  is  described  by  thermodynamic  potential  of 
the  type  (3.47)  which  does  not  forbid  phase  transition  ot  the  second  kind 
According  to  experimental  data  [36,  37l*  all  of  these  crystal  modifica¬ 
tions  indeed  undergo  pnase  transition  of  tha  second  kind. 

Potsisium  Dihydrogen  Phosphate  KH2PO4 

IO?2P04  and  compounds  lswaorphous  to  it,  for  example  KD2PO4  and 

KH2ASO4,  belong  in  nonferroelsctric  phase  to  the  point  group  D2  ;•  After 
the  transition  of  the  second  kind  approaching  critical  point  (•=X23°K) 
KE2?04  has  symmetry  C2V*  Inasmuch  as  polarization  appears  along  the  prin 
cipal  axis  C2»  the  expansion  of  is  described  by  a  formula  analogous  to 
(3*47)  (notation  of  spontaneous  polarization  changes  to  Psz). 

JX  %JL. 

Alum  (a  family  of  double  naita  with  a  general  formula  M  M  (RO4)  • 

12  H2O  where  is  a  monovalent  metal*  —  a  crivalent  metal  R—S, 

Sc  or  Te) 

Some  of  the  alum*,  in  particular  ammonium  or  methyl  ammonium  alum, 
belong  in  nonferroelectric  phase  to  the  point  group  T(23).  According  to 
other  data  they  belong  to  nonpolar  phase  C3V  [37j.  If  cubic  symmetry  T 
exists,  then,  is  noted  earlier,  existence  of  the  third-  ^nri,  consequently 
fifth-order  invariants  is  possible  in  the  expansion  of  £J>,  with  the 
phase  transitions  of  the  second  kind  being  excluded: 


0 <r,  p.) -t- -pV.,/%.  + 
+{hiru+fi,+r'J+t.  ('Vi, + pI-p.. + IVM  + 

■»-  vp  ;pl  +  ^1, + p%)  +  is  ('‘VJ, + 
+  J’h'h + 'VI.  *  'V^  +  'Vi.  +  'VI,!  4-  r,  iPU  ■  P}r  -  Pi) 


(3.48) 

According  to  tee  experiment,  spontaneous  polarization  of  aluminum 
methyl  ammonium  alum  in  the  phase  transition  region  ((?j.-ki77°K  changes 
discontinuourly  clearly  exhibiting  the  characteristics  of  phase  transi¬ 
tion  of  the  first  kind.  If  however,  a  less  symmetrical  configuration  C3V 
is  realized  above  the  transition  point,  then  an  expansion  with  respect 
to  even  powers,  that  is  of  the  type  (3.47),  takes  place.  As  it  has 
already  been  found,  with  c  certain  relationship  between  chfe  coefficients 
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<^<D)  this  configuration  also  leads  to  t  phase  transition  of  the  first  kind. 
Barium  Titanate 

At  a  Curie  temperature  of  120°C  above  the  transition  point  ths  crys¬ 
tals  of  Ba?i03  and  in  general  the  entire  group  of  perovskites,  belong  to 
the  cubic  centrosymmetrical  class  0^.  Below  0~12O°C>  the  crystal  of 
BaTi03  loses  the  horizontal  plane  and  the  center  of  symmetry  ac  a  result 
of  phase  transition  of  the  first  kind  and  changes  to  polar  phase  which  hfo 
tetragonal  syninetry  C4v*  At  T^5°C  the  crystal  hat  orthorhombic  symmetry 
C2v  and  at  T<^-90°C  —  rhorabohedral  symmetry  c3v. 

Thus,  taking  the  conclusions  of  the  preceding  section  into  account, 
we  have  an  expansion  in  which  odd-order  invariants  and  the  term  P;i  ret  P 
are  absent: 

*  <r.  M  -  t»n + .  <p*.  -i-  p;,  +  />»)  -s  p,  +  + 

+ 1>  + p),p\: + P.VL)  +4-71  (pj. +#>},-»■#>»* 

+ T.  tri.  (f% + p),\ + n,  IPU + fj.)  4  PS  (Pi, +?],))+ \iPirhPi.  49) 

^  'X^ 

Conditions  of  the  minimum  thermodynamic  potential  -mr —  =0,  rr —  =0 
£  «psy 

and  * —  =0  give  the  following  solutions  for  all  four  phases. 

«»rsz 

!♦  Cubic  phase  Oh  psx!spsyS!sPs*as0* 

2.  Tetragonal  phase  C4V  Ps3r=PSy=0 

3.  Orthorhombic  phase  C2V  psy==psz:^=®; 

4.  Rhorabohedral  phase  C3v  PSJf=Psy=PS2*0. 

Stability  conditions  for  each  phase  will  be  feund  as  a  result  of  sat¬ 
isfying  the  requirements  in  regard  to  the  determinants  made  up  of  the  sec¬ 
ond  derivatives  of  (see  [38,  39]),  i.e. 


on. 

*P*X'h 

**•*'•» 

tP #30** tf 

>0; 

i'+ 

'spTok: 

0P,y*P., 

*PtfPu 

^7, 

r-+ 

(0* 

ff 

O.  SO) 

If  these  inequalities  are  analyzed  with  account  taken  of  the  values 
in  the  respective  phases,  Chen  relationships  can  be  obtained  which 
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Figure  3.3.  Relationship  of  to  T 
(in  relative  units). 

p2 

2=  i  P^LO  microcoulombs/cra^; 


0=118°C; 


6j»i28°c. 


make  it  possible  to  determine  which  one  of  the  phases  is  advantageous  from 
the  standpoint  of  energy  in  different  temperature  ranges.  The  relationship 
P  .  (T)  expressed  In  relative  units  and  calculated  by  Devonshire  [3]  is 
shown  in  Figure  3.3.  In  particular*  jc  follows  from  this  figure  that  in 
the  transition  from  phase  C4V  to  Cpv  the  value  of  Psz  decreases  approxi¬ 


mately  as  and  in  the  transition  from  phase  C2v  to  C3v  --  as  —j;,  i.e. 


turns,  as  it  were,  of  the  vector  PS(PS(1OO)-*PS(U0HPS(111)  take  place. 


Ail  transitions  in  8aTi03  art  transitions  of  the  first  kind.  How¬ 
ever,  a  big  difference  exists  between  the  character  of  the  transitions 
°li'*'c4v  on  one  hand,  and  transitions  C4v-*C2v  and  C2v"*C3v  —  on  the  other. 

In  the  former  case,  syrauetry  space  group  Oh  passes  into  its  subgroup  in  the 
transition  region  as  a  result  of  disappearance  of  the  center  n.:  symmetry 
and  horizontal  reflection  plane.  As  is  known,  in  doing  so,  a  phase  transi¬ 
tion  approaching  the  critical  point  takes  place  and,  consequently,  even  if 

the  coefficients  in  the  expansion  (3.39)  do  not  vanish  near  the  transi¬ 

tion,  they  may  be  very  small.  In  the  case  of  low-temperature  phase  transi¬ 
tions  nona  of  the  lass  symmetrical  point  groups  C3v>  C2V  and  C4V  of  the  two 
neighboring  phases  is  a  subgroup  of  a  more  symmetrical  phase  although  each 
one  of  tham  is  a  subgroup  of  the  highly  symmetrical  point  group  Cj,«  In 
this  case,  phase  transitions  of  the  first  kind  take  place  and  the  coeffi¬ 
cients  .nay  is  comparatively  large. 


3.  Curie  Principle  and  Tables  of  Possible 
Ferroelectric  Vra-ialtions 

As  already  noted  jbove,  theory  of  phase  transitions  of  the  second 
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kind  imposes  only  certain  restrictions  on  the  cla«  of  possible  changes  in 
eynmtry  without.  predicting  exactly  precisely  what  charge  in  synmetry  from 
this  class  will  take  place  with  a  phase  transition.  But  strictly  speaking, 
thermodynamic  theory  docs  not  impose  in  general  any  restrictions  on  changes 
in  symmetry  in  the  case  of  phase  transitions  of  the  first  kind. 

However,  possible  changes  in  symmetry  can  be  predicted  fer  ferro- 
eltctrics  in  a  larga  number  of  cases  important  from  pmctical  standpoint 
when  transition  parameter  is  spontaneous  polarization  [40,  4l]  regardless 
of  the  type  of  transition.  1)  Curie  principle  is  made  use  of  for  this 
purpose.  According  to  this  principle  it  is  stated  that  if  a  crystal  under¬ 
goes  an  external  action*  then  it  retains  only  symmetry  elements  that  arc 
common  with  the  symmetry  of  the  action. 

The  following  tule  for  the  determination  of  possible  ferroelectric 
transitions  follows  from  Curie  principle;  symmetry  group  of  a  ferroelec¬ 
tric  phase  must  contain  all  symmetry  elements  conmon  for  the  synmetry 
group  of  polarization  vector  (or,  which  is  the  same,  of  any  other  vector). 
An  additional  restriction  is  imposed  on  this  rule:  it  is  considered  that 
in  the  case  of  successive  ferroelectric  phase  transitions  in  a  crystal  the 
symmetry  of  each  ferroelectric  phase  is  connected  not  with  the  synmetry  of 
the  neighboring  phase  but  with  the  synmetry  of  paraelectric  phase  [42,  43]. 
In  other  words,  it  i?  assumed  that  the  structures  of  all  ferroelectric 
phases  represent  a  distorted  structure  of  the  initial  paraelectric  phase 
and  that  a  change  in  the  symmetry  for  each  or,e  of  them  takes  place  7nde- 
pw>udentiy  of  the  other.  In  addition  to  possible  symmetry  of  ferroelectric 
strictures  such  an  approach  makes  it  possible  to  also  show  the  number  of 
equivalent  directions  of  spontaneous  polarization  H: 

(3.511 

where  dn  and  Nc  are  the  orders  of  the  groups  cf  paraelectric  3nd  ferro¬ 
electric  phases  respectively. 

The  numbers  and  possible  changes  in  equivalent  directions  of  P  in 
ferroelectric  transitions  obtained  with  the  aid  of  Curie  principle  are 
given  in  Table  6. 

We  will  examine  some  of  the  concrete  examples. 

For  RaTiOj  the  point  group  of  paraelectric  phase  is  0»j  (m3m)f  the 
point  group  of  tetragonal  phase  --  C$v  (4mm),  the  point  group  of  rhombic 
phase  —  Cpv  (mm?),  the  point  group  of  triclinic  (rhombohedral)  phase  — 

C-jv  (3r'  The  numbers  N  of  the  equivalent  possible  directions  of  polar¬ 
ization  at;  evvil  to  6,  8  and  12  respectively.  For  KH2PC4  che  point  group 
of  para?!*;*  -  *-ose  is  I>2d  and  the  ferroelectric  phase  -- 

C2h  (ou2'  T'!<  *.  aber  S=>2.  For  trigiyclr.c  sulfate  the  grroup  of  paraeltc- 

tric  phase  i  (2/m)  and  of  the  ferroelectric  phase  —  C2  (2).  N^=2. 

1)  Spontaneous  polarization  is  not  the  only  transition  parameter, 
for  example  in  boracite  [4?],  and  in  general  is  not  a  transition  para¬ 
meter  in  the  formation  of  superstructure.  Kevaver,  in  thy  former  case  the 
method  set  forth  below  may  be  used  after  also  taking  the  other  transition 
parameters  ir.tn  account  (see  [17]  for  more  details). 
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Table  6 

Possible  Changes  in  Symmetry  in  Ferroelectric 
Transitions 


(1) 
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A  — 3 

iv£*J 

<tolo> 

*<r2  (C.») 
A-< 

« 

A^ 

t;r> 

A  — 6 

« /n 
A'—  ft 

■«  *C.) 

A  «** 

»•  ;C#I 
A'— 4 

<«<o> 

1(A). 

/V  12 

1  (A! 
A-12 

1(A) 

A  — 12 

1(A) 

A  — 6 

»  «•.) 
A~« 

sa 

Jffli 

1(A) 

A-12 

1(A). 

A-12 

KA) 

A— 6 

*:a.) 

A  ■*-'6 

A**?* 

<actl> 

S(i*« 

1  (A) 
iV  «»l2 

1(f) 

A-»I2 

1(A) 

a— e 

» (A) 

Ac  12 

.v— i 

<»*«> 

1  (A) 

A»*a 

A  —  Jl 

!<£) 

A  — U 

1(A) 

A-12 

1(A) 

A’ «® 

a'^s 
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Table  6  (continued) 


(1 

)  (2) 

StUfffcCM 

Uuxpt 

JUW  aft* 

mal 

(C*> 

22*  1  2m 
(Pi)  |  (CO) 

m 

<C*> 

t 

Ct 

i 

m  * 

pmn 

i  ~ 

— i 

\  '  i  / 

d)  r)  mccu  pon(iiu«ol,  aoiotisiiioi  ■  tpaxxaaasl 

estriwii 


<em> 

nai2  {Cft) 
A-  i 

2iC*> 

Af—2 

2(C.) 

Af—2 

*  (^!i) 

A-~t 

2  (CJ 

AT  —  1 

M*> 

Af—2 

<oio> 

M  (C|) 
N—  2 

ss 

M  (C.) 
Af—2 

US) 

Af—2 

1(S) 
//—  2 

<ioo> 

"W! fr 

/V  h  2 

*;c.) 

Af  —  2 

US) 

JY— 2 

MS) 
Af  —  2 

<l*0> 

US) 
Af— 4 

US) 

Af  —  2 

MO 

Af—2 

MS) 

Af—2 

SEi 

i  (£> 

A-4 

»(C.) 

(V  — 2 

AT  — 1 

US) 

Af—2 

1  (£) 
Af—2 

<o*0 

sa 

!(*) 

J»  —4 

MS) 

AT— 4 

4a 

l(*l 

Af  —  2 

1(S) 

Af—2 

<«0 

.$a 

t(£). 

Af-« 

M«) 

Af-4 

US) 

N—  4 

4(a 

t(«l 

Af—2 

>  (e> 
Af  —  2 

Key:  (1)  Miller  indices  or  the 
direction  of  P 

(2)  Symmetry  of  paraelec- 

trie  phase 

(3)  Point  groups  of  ferre- 

electrics  and  the  num¬ 
bers  of  possible  cJirec- 
tions  of  P 


(4)  Classes  of  cubic  syngony 

(5)  Classes  of  trigonal  syngony 

(6)  Classes  of  tetragonal  syngony 

(7)  Classes  of  rhombic,  monoclinic 

and  Criclinic  syngony 


It  is  easy  to  see  that  these  ferroelectric  transitions  (as  well  as  an  over 
whelming  majority  of  other  transitions)  are  indeed  predicted  in  Table  6. 

All  possibilities  following  from  Curie  principle  are  e~-mined  in 
this  table  but  nothing  is  said  as  to  precisely  what  transitions  -ill  be 
actually  realized.  Neverth°less,  the  results  given  there  may  prove  to  be 
usefu1,  for  example,  in  searching  for  new  ferroelectrics.  A  major  success 
of  this  "symmetry"  method  is,  in  particular,  the  prediction  of  ferroelec¬ 
tric  properties  in  the  crystals  of  NaN02  [44], 

Par.  3.  Electroelastic  Effects  in  Ferroelectrics 

Rearrangement  of  crystal  lattice  taking  place  in  the  region  of  a 
ferroelectric  transition  leads  to  a  substantial  increase  of  the  sensitiv¬ 
ity  cf  a  crystal  to  a  change  in  external  conditions,  in  particular  to  the 
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application  of  external  electric  fields  and  mechanical  stresses.  The  "pli¬ 
antness"  of  a  ferroelectric  in  regard  to  the  action  of  ar,  electric  field 
is  described  by  the  relationship  which  was  examined  in  paragraph  2. 

However,  this  examination  bore  a  one-sided  character. 

It  may  be  expected  that  "pliantness"  in  regard  to  mechanics  1  actions, 
i.e.  to  the  relationship  ^k^ki^l.  (where  <*k  is  mechanical  stress  and 
is  deforafetion)  and  also  the  "cross"  effects,  for  example,  the  relationships 
Pi=dik*k  will  also  exhibit  marked  anomalies  in  the  transition  region.  This 
will  be  reflec.ed  in  appropriate  manner  on  the  behavior  of  elastic  constant 
ck(,(T)  and  the  piezotaodulus  dik(T).  At  the  same  time,  it  is  clear  that 
electrics!  and  mechanical  properties  of  a  ferroelectric  must  he  intercon¬ 
nected. 


Thus,  it  is  necessary  to  examine  ferroelectric  transition  with  the 
electromechanical  properties  of  the  crystals  taken  in  account.  It  is  ex¬ 
pedient  to  divide  this  examination  into  two  parts: 

1)  examination  of  electroelastic  effects  appearing  noar  the  phase 
transition  points  in  a  free  ferroelectric  in  the  absence  of  external  fields 
and  mechanical  forces,  in  other  words,  determination  of  the  properties  of 

a  ferroelectric  with  spontanecu  deformation  taken  into  account; 

2)  investigation  of  electromechanical  properties  of  a  ferroelectric 
in  the  presence  of  various  electrical  and  mechanical  external  actions. 

1.  Spontaneous  Deformation 

In  the  preceding  paragraphs  it  was  assumed  that  the  state  of  a  ferro¬ 
electric  is  determined  by  temperature,  pressure  and  behavior  of  the  order 
factor  n  appearing  in  a  less  symmetrical  phase.  The  quantity  *s  di- 
rectly  connected  with  the  components  of  spontaneous-polarization  vector 
(Ps^~v\Ci)  the  aggregate  of  which  forms  the  basis  of  irreducible  represen¬ 
tation  of  the  crystal's  symmetry  group  In  nenferroelectric  phase.  However, 
the  state  of  the  system  nay  be  determined  not  only  by  the  aggregate  of  the 
variables  but  also  by  the  set  of  other  variables  (uskrw/'t^)  with 

the  quantity  £  appearing  like  <v\  In  a  less  symmetrical  phase.  Such  a  sit¬ 
uation  occurs  in  a  free  (nonfixed)  ferroelectric  crystal  in  which,  in  addi- 
to  spontaneous  polarization  P^,  spontaneous  deformation  usk  also  appears 
in  ordered  state.  Strictly  speaking,  now  it  is  necessary  to  define  anew 
the  thermodynamic  functions  which  describe  transition  when  there  are  two 
parameters  appearing  in  nonsymmetrical  phase.  It  is  also  obvious  that  the 
complexity  of  this  definition  in  the  presence  of  even  two  parameters  greatly 
increases,  especially  if  ^Vk  is  3  tensor.  Indeed,  if  is  represented 
in  the  form  of  a  series  for  the  entire  aggregate  of  the  parameters  txCj 
and  fcTk?  then  it  is  necessa:7  ro  rake  into  account  not  only  terms  of  the 

type  (xci)n  and  ^ut  s°  the  cross  terms  (nc^)”  (n  and  ra 

are  integers).  If  these  new  terms  are  sufficiently  large  with  respect  to 
the  order  of  magnitude,  then  conclusions  drawn  earlier  concerning  the  struc¬ 
ture  of  $)  (for  example,  concerning  the  effect  of  odd-power  invariants  on 
the  character  of  the.  transition)  should  be  substantiated  anew. 
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In  the  examination  o  '  a  "unidimensional"  approximation  of  phase  tran¬ 
sitions  in  the  presence  of  several  quantities  appearing  in  efrdered  phase  it 
was  assumed  in  the  work  [l7j  that  their  role  is  dissimilar,  namely,  some 
are  transition  parameters  while  the  others  are  of  a  secondary  significance. 

For  e>ca<aple,  in  a  ferroelectric  transition  the  quantity  *'rv''Ps  is  a  transi¬ 
tion  parameter  since  it  is  the  cause  of  it  whereas  the  quantity  £  ~,u>t  can" 
not  be  a  transition  parameter  inasmuch  as  it  is  a  result  of  the  existence 
of  vt-rC,  Another  case  is  also  possible  when  *q.-wps  is  no  longer  a  tran¬ 
sition  parameter,  far  example,  if  transition  is  connected  with  a  change  in  the 
number  cf  atoms  ir.  a  unit  cell,  i.e.  upon  the  appearance  of  a  superstructure. 
An  example  of  such  a  crystal  is  amnonium  fluoroberyllate  [37,  45]  in  which 
parameters  of  the  cell  are  equal  to  bx<©=b  and  cT<g=c.  The 

appearance  of  this  superstructure  is  accompanied  by  the  appearance  of  spon¬ 
taneous  polarization.  Another  example  is  cl  *—  ?  transition  in  quartz.  Here 
characterizes  the  magnitude,  of  displacement  of  several  sublattices  rel¬ 
ative  to  each  other  without  the  appearanci  cf  spontaneous  polarization. 

According  to  [l7j,  in  ferroelectrics  the  parameter,  i.e.  the  cause 
of  transition,  is  spontaneous  polarization  Ps-^ll  whereas  spontaneous  de- 
fotaation  merely  accompanies  polarization.  The  authors  substantiate  this 
statement  by  the  following  considerations!  if  a  cubic  crystal,  fo.  example 
J>aTi03,  is  polarized,  then  undci  certain  conditions  a  displacement  deforma¬ 
tion  may  be  obtained  whereas  the  displacement  deformation  itself  is  unable 
tc  lead  in  any  manner  to  the  appearance  of  polarization  in  a  cubic  crystal. 
The  proof  shown  can  hardly  be  considered  exhaustive  and,  in  our  opinion, 
the  question  of  whether  spontaneous  deforcation  may  be  a  second  transition 
parameter  remains  open.  Indeed,  interconnection  between  displacement  de¬ 
formation  and  polarization  in  phase  transition  in  DaTi03  may  be  regarded 
as  applied  to  the  phases  corresponding  to  the  symmetry  C4„J1C2v  and 
C2v"£.C3y  In  this  case,  displacement  in  the  respective  pi.  .ies  leads  to 
the  appearance  of  new  polarization  components.  As  regards  the  symmetry 
region  O^-*  C^.v,  not  too  far  from  the  transition  point  the  respective 
elongation  and  compression  deformations  (see  subparagraph  3)  displace 
the  transition  into  the  region  of  higher  temperatures  and,  consequently, 
the  state  with  Ps=0  becomes  unstable. 

Division  of  parameters  characterizing  the  internal  steady  state  of 
the  system  into  cause  and  effect  is  apparently  conditional.  When  discus¬ 
sion  concerns  the  action  on  the  system  from  without  this  division  is  quite 
obvious:  application  of  external  fie1  '  and  sxtemal  forces  is  undoubtedly 
the  cause  of  the  appearance  of  indue,  j  polarization  and  deformation.  How¬ 
ever,  relationships  between  different  internal  parameters,  for  example 
spontaneous  polarization  and  spontaneous  deformation, are  not  so  clear. 

It  may  be  considered  that  the  aggregate  of  the  variables  Psi '■'-'•'A.Ci  and 
usk  'v  forms  a  multidimensional  space  the  points  of  which  determine 
the  thermodynamic  state  of  the  system.  In  this  case,  phase  transition  of 
the  second  kind  will  appear  if  the  coordinates  pass  through  zero  at  some 
of  the  quadratic  terras  of  the  expansion  of  However,  if  the  multidi¬ 

mensional  ity  of  the  parameters  Ps  and  usj<  is  taken  into  account,  transi¬ 
tions  of  this  type  have  a  compLex  character  and  have  not  as  yet  been  in¬ 
vestigated  in  detail.  Therefore,  henceforth  it  is  postulated  but  not 
stated  '■hat  P3  is  the  only  transition  parameter  and  spontaneous  deforma¬ 
tion  appears  as  a  result  of  polarization  of  the  crystal. 


Inasmuch  as  the  system  must  now  be  minimal  in  regard  to  Ps^  and  Usk» 
the  conclusions  drawn  in  the  preceding  paragraph  regarding  the  structure  of 
thermodynamic  functions  describing  a  transition  may  be  retained  only  on  the 
condition  that  electromechanical  effects  produce  little  change  in  the  sym¬ 
metry  of  the  crystal. 

We  will  define  now  the  expression  for  thermodynamic  potential  with 
spontaneous  deformation  taken  into  account.  Suppose  transition  parameter 
is  a  three-dimensional  spontaneous-polarization  vector  PsiArf\ci  (*-=l»  2,  3). 
Spontaneous  deformation  whose  components  are  represented  by  a  row  matrix 
Usk^/tk  2,  . .«»  6)  appears  in  the  ordered  phase.  In  addition  to 

invariants  containing  different  powers  of  6\cj.),  powers  of  (^'*k)  ~  *  * 

cross  terms  of  the  type  ■>\|{ci'Cjc) ;  ‘'l2J(cicjirk) »  *l:(ci?kV*  ^  \  <Ci® jtkV> 
etc.  appear  now  in  the  expansion  of  thermodynamic  potential. 

We  will  dwell  on  these  terms  in  a  greater  detail.  The  quantities 
and  **|2  are  allowed  if  the  substance  in  disordered  phase  has  no  cen¬ 
ter  of  symmetry  and,  consequently*  has  piezoelectric  properties  (for  example* 
Seignette's  salt).  Invariants  exist  for  any  crystal  symmetry  with 

the  parameter  'tfj,  being  transformed  as  c^Cj  if  it  is  a  second-rank  tensor. 

It  follows  i>ora  this  that  invariants  are  transformed  as  a  third-rank 

tensor  and  invariants  —  as  a  fourth-rank  tensor.  We  will  note  that 

the  terms  and  £2  have  a  higher  order  than  the  remaining  quanti¬ 

ties  and  taking  them  into  account  is  necessary  only  when  determining  non¬ 
linear  dependence  of  deformation  on  the  field  (see  par.  3,  subparagraph  4). 

Taking  the  foregoing  into  account  and  passing  or.  from  the  variables 
c*%<  and  to  Fsi  and  usk  we  will  find  the  following  expression  for 

free  energy  Ap: 

a,  <r.  p„.  .,*)  -  a (t) + + *„,p„p.jP.t  +  9,j'-PhP.jP.iP..  + 

+  PiJImmPtlPtJPtlPpmP—  +  llJImmfP ilPtfPtlPlmPtJ’tf  +  ctralkmir  + 

+  +  ••••  (3. 32) 


where  i,  j»  t,  m,  n,  p=l»  2*  3;  k,  r=l,  2,  ...*  6. 

As  usually,  summation  is  carried  out  over  twice-repeated  indices. 
Determination  of  the  structure  of  coefficients  of  the  expansion  (3.52)  as 
applied  to  the  symmetry  of  a  ferroelectric  in  disordered  phase  is  based 
on  the  following  considerations.  It  is  assumed  that  spontaneous  deform' 
tion  usk  brings  about  a  slight  distortion  of  the  crystal  structure  af  r 
transition  i-to  ferroelectric  phase  and  may  be  regarded  as  a  small  dis¬ 
turbance  Ap(Ps).  Properly  speaking,  this  assumption  is  already  contained 
in  (3.52)  inasmuch  as  in  writing  it,  terms  of  higher  order  than  us-  and 
UgP|i  wcre  neglected.  If  this  assumption  is  sufficiently  correct  (in  the 
end  its  validity  can  b“  verified  experimentally),  then  the  rules  for  the 
selection  of  coefficients  examined  in  paragraph  2,  subparagraph  2  may  be 
retained  for  AP1(PS)=  «ijPsiPsj  +  ^ijtPsiPsjPs  +...,  and  consequently  it 
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remains  tc  determine  Che  structure  of 


Coefficients  c^j.  have  dimensionality  and  physical  sense  of  elastic 
constants  of  the  crystal  and  their  aggregate  is  represented  by  a  matrix 
whose  structure  is  dete -mined  by  crystal  symmetry  in  nonferroelectric 
phase.  The  quantities  hik  have  the  sense  of  piezoelectric  constants,  and 
l£jk  —  c^e  sense  of  coefficients  of  electrostriction.  The  aggregates  of 
these  constants  are  also  defined  by  the  respective  matrices  [46,  4?j  for 
a  highly  symmetrical  phase. 


We  will  examine  expressions  for  Ap(Ps,  u^)  as  applied  to  barium 
titauate  and  Seignette's  salt. 


Barium  Titanate 


The  matrix  of  elastic  constants  for  a  cubic  crystal  Oj,  (tn3ra)  has 
the  following  form  [46 j; 


An  cu  <■„  0  o  o 

I  ri»  0  0  0 

cn  'ti  0  0  0 

0  0  0  o  0 

0  0  0  0  c„  0 

\o  0  0  0  0  ff, 


Iii  this  phase  the  crystal  has  nc  piezoeffect  and,  consequently, 
hjic'O.  The  matrix  of  coefficients  of  electrostriction  for  crystals  of 
the  class  Ojj  is  analageus  to 


/ft!  V;»  ?i,  o  V  0\ 

i  fir  ?n  fu  0  0  <i  ^ 

(  ?u  *15  Jiv  o  0  o' 

^  0  o  r.  e  0  j 

5  V  0  »  0  ?(i  0  j 

\o  0  0  0  s  ?„/ 


and,  consequently  the  expression  for  Ap(P^,  us^)  will  be  written  in  the 
following  manner  (for  graphicalness  the  indices  i— J,  2,  3  are  replaced 
by  *r  >'»  z  and  the  indices  k~ls  2,  3,  4,  5,  6  by  xx,  yy,  zz,  yz,  xz,  xy): 


A?<T-  *»  ‘J)  +*(!%  +  n,  ■*  i%)  +  -j- 4  r;,  a.  rj,)  + 


+  A.  4-  8;,*’.  -  4-  'l  (i»,  5.  ptf  a. ;-)  j.  Zj  |jm,  +  , . 


+  +  rl-  "1.  4-  /-Jd!  4  l5P;.r^p;,  +  i  +  „;.fy  +  0  + 


a.  /•..  •’>.  4  ".jfm  I  *i  y  f« 4  wj„ 4-  ■>;,,)  4 

1-  tii  4-  +  *.  4  <>j  {?;,  4  /=;,)  4  {?•,  4  />',}  - 


4  »,«.  (/-» ,  4CJ,)!4  fu  (i„TPvtr,,  4  s  4 


(3.53) 


-  68  - 


IBB 


The  quantities  Psi  and  Ug^  are  determined  as  a  result  of  solving 
a  system  of  equations  resulting  frc®  the  equilibrium  condition  of  the 


crystal: 


(3.54) 


:  iUtioi:s  of  these  equations  obtained  for  the  first  time  fcr  all  ferro¬ 
electric  phases  of  BaTi03  by  Devonshire  [3]  are  reduced  to  the  following 
form: 


1. 


2. 


Cuoice  phase 


Tetragonal  phase 


0.  P„  *o. 

u.  _  *<ucu  —  «n  (*n -f  *»)  „  . 

*"  (f>i  — fu)  («n  +  2<it)  <fltn-**(PUB. 

_  _ _ _ fii<n  —  tit-'n  ,,  , 

*"  *"  («n  —  t,t)  (t„  +  “ *»  (pl*hh 

0: 


3.  Orthorhombic  phase 


(3.55) 


P»M  “ '  Pit  &0,  P, 


*  "*  I.  '  .  .  .  M  I 


(Cn  —  eu)  (tji  +  z*it)  (^*»hn* 
>cl>  ~  «,»!  fcll  +  2c it) 


- 7)7  (PL),,;: 


4.  Rhorobohedral  phase 


»«■ 


®*  ***f  **  ^11  I1 

—  fan  —  /nt . 
"•«  c„  -r  2tlt 


It  follows  from  (3.55)  that  temperature  dependence  of  spontaneous 
deformation  or,  as  it  is  also  called,  /pontaneous  electrostriction  is  de¬ 
termined  in  the  main  by  the  behavior  of  P^si  (T).  Theoretical  relation¬ 
ships  P2SZ  (T)  calculated  in  [3j  for  the  Phases  2,  3  and  4  and  defining 
usik  ^  are  s^own  *n  Figure  3.3. 


It  should  be  noted  that  spontaneous  electrostriction  "displaces” 
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sumed  that  phase  transition  of  the  second  kind  takes  place  in  Seignette's 
salt  we  may  limit  ourselves  only  to  the  terms  Pg.  And  next,  since  a  free 
crystal  is  examined  (external  mechanical  stresses  and  electr  •  field  are 
absent),  we  may  limit  ourselves  to  taking  into  account  only  one' component 
Psx»  precisely  the  one  which  appears  in  a  less  symmetrical  phases 


A,  <r .  P,u,„)  -  ArfT)  +  *P>M  +  P\,  +  j  {<»•*„  +  +  ca“Li)  + 

+ f  4"  4*  fnai„8iii  4*  y  4*  y  4  f  4' 

4"  4*  4"  1nP}s“tff  4*  ?i3^hui„  4‘fitPJ*®  (3.57) 


Further  simplifications  are  possible  if  we  limit  ourselves  to  the 
examination  cf  the  displacement  deformation  uS2y  which  has  an  anomalously 
large  magnitude 

] 

’  ^  ~ '  lfa  Tpi —9ijc„)t  ^,/rJr  *  i 


(3.58) 


The  expression  (3.58)  considerably  differs  from  a  similar  relation¬ 
ship  for  BaTi03  owing  to  the  influence  of  linear  piezoeffe^t.  We  will 

also  note  that  the  condition  PQy=0  is  satisfied  when  2a£  - —  =0  and  in 

S  *UU 

addition  to  this,  Psx  becomes  complex  when 

1  /  hu\ 

»  fi-iiil'u  '«)' 


This  cr.  tes  creates  a  formal  possibility  of  explaining  the  existence  of 
a  second  Curie  point  owing  to  the  influence  of  strong  piezoeffect  and  elec 
trostriction. 

2.  Thermodynamic  Potentials  and 
Elastic  Electric  Constants 
in  Ferrcelectrics 

In  the  examination  of  the  properties  of  a  ferroelectric  crystal, 
in  particular  in  the  determination  of  behavior  of  such  of  its  internal 
parameters  as  Psi  (T)  and  usj<  (T),  the  differences  between  a  thermodynamic 
potential  and  free  energy  were  not  determined.  These  differences  become 
all  the  more  important  when  describing  the  behavior  of  a  crystal  which  is 
under  the  effect  of  external  forces  and  electric  fields.  Thus,  a  question 
arises  concerning  the  selection  of  a  thermodynamic  function  (i.e.  a  thermo 
dynamic  potential  in  the  broad  sense  of  this  word)  for  describing  the  proc 
esses  taking  place  in  a  ferroelectric  upon  a  change  in  temperature  and 
during  the  action  cf  external  electric  and  mechanical  fields. 

According  to  the  definition  (see,  for  example,  [4,  7J),  free  energy 


(it  is  also  called  Helmholtz  free  energy)  is  equal  to 


A  —  v—rs, 


(3.59) 


where  U  is  the  energy  of  the  svstem.  Passing  on  to  differential  relation¬ 
ships  we  have 

iAm'iO  —  ns—Sir, 

A'j^rtS -fd*  (3.60) 

(3.61) 


and  consequently 


AA  **  — SdT  — *  piot 


(3.62) 


i.e.  the  change  in  free  energy  is  equal  to  work  done  on  the  system  in  the 
case  of  a  reversible  isothermal  process,  or  to  the  change  in  the  amount  of 
heat  with  a  constant  volume.  When  other  parameters  and  JS,^  defining 

the  state  of  the  system  (for  example,  components  of  electric  polarization 
and  external  electric  fields  E*)  are  present,  elementary  work 

defining  the  corresponding  change  in  the  system’s  energy  must  be  added  in 
(3.60).  Here  -A^dA^  has  the  dimensionality  of  energy  or,  if  A  is  re¬ 
lated  to  a  unit  of  volume  —  the  dimensionality  of  energy  density; 


A  A  «•  — arff  ™  pA &  *|*  2 

4 

Fron  this  we  have  the  following  relationships; 

(t&t  -a<:  (tf).,-.  -*-*  (tHt.w — > 


(3.63) 


(3.54) 


(indices  indicate  which  quantities  are  considered  constant  in  differentia¬ 
tion)  . 

If  all  Ai=0,  then  (3.64)  is  equilibrium  condition  of  the  system 
with  constant  volume  and  temperature. 

We  will  note  that  determination  of  the  relationship  Pj.s(T)  and  £(T) 
was  based  on  the  condition 

If  independent  variables  in  tha  initial  function  are  T  and  p,  then 
the  thermodynamic  function  resulting  in  this  case  is  called  thermodynamic 
potential  (in  the  narrow  sense  of  this  word).  It  is  also  called  fro** 
energy  or  Gibbs  function  (for  gas  and  liquids). 


Connection  between  aod  A  follows  from  the  definition 


*m,V  —  TS+pevA  +  P*- 
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(3.65) 


(3.66) 


The  total  differential  of  q)  is  equal  to: 

4A  -4-  &  (pit)  *■*  ~S<ff  •Y'  vdp. 

Consequently,  the  increment  of  is  numerically  equal  to  work 
done  by  the  system  at  a  constant  temperature,  or  to  the  change  in  the 
amount  of  heat  at  a  constant  pressure. 


If  in  addition  to  the  variables  S,  T,  p  and  v  the  state  of  the  sys¬ 
tem  is  also  defined  by  a  set  of  other  variables  /\{  and  A»i,  then  inas¬ 
much  as  the  differential  transformation  of  dA  to  d^?  does  not  affect  the 
variables  and 

i*  -  a  +  i  (to)  -  -Sir  +  Pip  +  2  A‘il>  (3.67) 


and  consequently 


7. 


(3.68) 


As  long  as  a  change  in  the  volume  (i.e.  dimensions  of  the  system) 
and  pressure  plays  no  role,  the  differences  between  and  A  are  un¬ 
essential.  Therefore,  in  setting  up  the  equations  defining  the  state  of 
a  ferroelectric  the  question  of  precisely  which  thermodynamic  function 
is  involved  arose  for  the  first  time  in  taking  spontaneous  deformation 
ln..o  account.  With  the  action  of  external  forces  it  is  necessary  to 
strictly  differentiate  precisely  which  function  is  meant  and,  consequently, 
pressure  or  volume  should  be  considered  constant  in  defining  the  equilib¬ 
rium  condition  of  the  system. 

Unlike  a  gas  or  liquid  for  which  formulas  (3. 59) -(3.68)  are  valid, 
a  complex  state  of  stress  described  by  tensors  of  mechanical  stresses 
and  deformation  u^  appears  in  the  crystal  during  the  action  of  external 
forces.  Therefore,  the  quantity  pv  in  the  expression  for  ^  must  be 

substituted  by  a  sum  of  the  type  (worn  done  during  the  defonna- 

k 

tion  of  the  crystal).  Differential  relationships  must  be  changed  in  ac¬ 
cordance  with  this,  i.e. 

*,  (T,  Pi.  .»)  -  V  -  ST  -  2 

<««,-. -s*r  -  2  •»*»  +  2  E<JP<- 

A  « 


(3.69) 

(3.70) 


The  function  defined  by  formulas  (3.69)  and  (3.70)  is  called  elas¬ 
tic  thermodynamic  potential  or  elastic  Gibbs  function  (for  crystals). 


Upon  passing  to 
expressed  as 


the  new  variables  Ufc,  T  and  Pi, 

ArP,  Ps*t)  —  U-TS, 
iAr—-SiT  +  2v»»  +  2  E<iPl- 

*  4 


free  energy  is 

(3.71) 

(3.72) 
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We  find  the  following  important  relationships  from  ("»  73)  ~rA  (3.72): 

(3.73) 

(3.74) 

(3.75) 


-Sc 

1 

\  1 tPf  /•*♦** 

\  *‘k , 

i/.r— 

( \ 

f-*c 

(»At 

\  t»«* 

It.  rm0" 

(iAr  \ 

i 

r  i *,\ 

br) 

Ujj=  then  we  have  the.  following  for  ^>pi 

e 

*t  <T.  Pi.  '>)  -  v  -  TS  — J  2  2  *&Vii 


If  it  is  assumed  that  connection  between  and  uk  is  linear,  i.e. 


(3.76) 


where  s 


.P 


is  matrix  of  moduli  of  elasticity  at  a  constant 


polarization  (Induction). 


In  a  similar  manner  a  group  of  terms  represented  by  the  sum 
c^u^Uj  can  be  singled  out  in  the  expression  Ap.  In  this 

jt  _{  ^Ar  ) 


sum 


are  components  of  the  matrix  of  elastic  constants 
at  constant  polarization  and  with  c*’—  (s^)  . 


(3.77) 

of  the  crystal,  measured 


Forming  second  derivatives  of  chermedynamic  functions  with  respect 
to  polarization  we  will  find: 


(  i'*r  \  '  (  <*»»<>  \ 

\iP,ift  /?.«*”  w  \  iPiiPjr.  i,  *"  ” 


(3.78) 


where  *1^.  and  *l^k  are  tensors  of  inverse  dielaccric  susceptibility, 

determined  respectively  with  a  constant  deformation  or  a  constant  mechan¬ 
ical  stress.  We  will  note  that  dielectric-susceptibility  tensor  is  equal 

to  and,  consequently,  components  of  dielectric-susceptibility 

tensor,  determined  from  (3.78)  will  be  written  as 


•<»  **  *  +  W  i»;  **»  —  1  + 


n.79) 


If  T,  #*  and  E  are  selected  as  independent  variables,  then  we  will  obtain 

a  function  which  is  called  thermodynamic  potential  or  Gibbs  function  (for 
crystals): 

♦„<r.  b„  v-rE-t t-TS-Z^-m.  i  (3>g()) 


(PE) -~2  M>, -SiT-'Z PtdE,. 


(3.81) 
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If  Independent,  variables  are  T,  E  and  uk,  then  we  have  electric 
thermodynamic  potential  (electric  Gibbs  function): 


•* ( t ,  B,ut) -ar-p(E~y-r5~v PtBt, 

i  < 

iX  PE)  -  -Sit  -  £  P,iE,+  2  vf«. 


(3.82) 

(3.83) 


After  differentiating  <|>lE  and  $2e  wit^  respect  tc 


uk  we  will  find: 


‘\~*&rfoT  *  *»«  lun»tfii|  /f.r’ 


(3.84) 


To  obtain  fundamental  equations  describing  the  state  or  a  piezo¬ 
electric  crystal,  use  should  be  made  of  the  fact  that  expressions  for 
cotal  differentials  of  the  respective  thermodynamic  potentials  are  given 
in  (3.72),  (3.81  and  (3.83). 


Making  use  of  thermodynamic  potentials  Ap,  $P»  $1E  and  §>2e 

presented  in  the  form  of  polynomials  with  addends  of  the  ordar  of  PiPj ; 
Ej}  ukuk, ;  u^E^Ej,  etc.  we  will  obtain  canonical  equa- 


represented  in  the  form  of  polynomials  with  addends  of  the  ordar  of  Pj 
EjEjj  ukuk, ;  sTj^Pj}  ukE£Ej,  etc.  we  will  obtain  canonical  eqe 

ticns  (written  in  matrix  form)  defining  elastic  electric  effects  in  a 
crystal: 


f  +  tfi 

l  e  —  -Aa + %mP 

{  /*-«  +  £•£ 

1 -trt +tP 

f  + 

[  £~t»-r?P 

\  prn —it  u-  I'E 

(3.85) 


Equations  (3.85)  define  physical  sense  of  piezoelectric  constants 
hik»  gik,  fii :  and  d^k  (the  constants  dik  are  usually  called  piezoraoduli). 

The  following  relationships  exist  between  these  constants: 

f  *“  1)  V  dm  m  H* 

Making  use  of  these  relationships  and  the  equations  (3.85)  it  Is 
possible  to  find  connection  between  elastic  constants  determined  £or  a  crys¬ 
tal  with  short-circuited  and  open  electrodes  (sfkv  cfk  and  s^k,  c^),  for 


example: 


*?S  **  4-  y,C» 


For  components  o'  the  tensor  of  inverse  dielectric  susceptibility 
of  a  "clamped"  (  “k)  and  "free"  (  ^k)  crystal  wa  have: 


A  special  characteristic  of  a  ferroelectric  is  that  the  free  energy 
Ap,  which  is  a  component  of  thertAOdynaraic  potentials  $P»  ^1E  and 
^ 2E  r«PreseRfc:'  an  expansion  containing  terms  of  a  higher  order  than  P^Pj ; 
EiEjS  »ViPj*  etc.  with  some  of  the  coefficients  of  the  expan¬ 

sion  being  highly  dependent  on  temperature.  Therefore,  some  of  the  elastic 
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and  elastic-electric  constants  raust  undergo  appreciable  temperature  anom¬ 
alies  An  the  phase  transition  region# 


Relationships  being  sought  may  be  found  on  the  basis  of  Ehrenfest 
equations  connecting  the  discontinuities  of  various  physical  quantities 
in  a  phase  transition  (see  [4j).  However,  Ehrenfest  equations  are  Inap¬ 
plicable  in  the  case  of  phase  transitions  Approaching  critical  point  when 
the  quantities  mentioned  tend  to  infinity . 


To  establish  connection  between  these  quantities  for  ferroelectric 
transitions,  Janovec  [50]  recently  made  use  of  Pippard's  [5l]  and  Gar¬ 
land’s  [52]  generalized  equations  and  procedure  used  for  a  thermodynamic 
description  of  transition  in  liquid  helium  by  Buckingham  and  Fairbank 
[53  j.  We  will  cite  the  basic  results  obtained  in  the  work  [50]: 


«{•*— 


•ti 


■  1?**V  *+**,. 


ill,  «•  tipi'  *  -h  <?*. 
*  ...» 
ft* 


(3.86) 


.M 


u  E  < 

Here  c  is 

T 

thermal  expansion,  s ££ 
electric  coefficients, 


^  £ 

specific  heat,  are  the  coefficients  of 

^  are  moduli  of  elasticity,  (piV— at'e  pyro- 
and  d^^  are  piezoelectric  moduli. 


Quantities  with  the  index  "0"  have  a  "normal",  i.e.  weak  tempera¬ 
ture  dependence;  the  quantity  Y^=  -  ^  ^  is  weakly  dependent  on  tem¬ 

perature  according  to  the  definition.  As  an  example,  the  relationships 
(3.8b)  were  used  to  describe  a  ferroelectric  transition  in  triglycine 
sulfate  [50].  in  doing  so,  it  was  found  that  experimental  data  for  TGS 
agree  well  with  the  equalities  (3.86).  Thus,  these  relationships  repre¬ 
sent  a  convenient  method  of  checking  the  consistency  of  experimental  data 
describing  a  ferroelectric  transition  of  ii-type„ 


Coming  back  to  the  question  of  selection  of  this  or  other  thermo¬ 
dynamic  potential  when  describing  the  properties  of  a  ferroelectric,  we 
will  note  the  following.  In  the  absence  of  electric  field  (E<=0),  we  hav 

re  pe. 

for  a  free  crystal  ($p=0)  if  spontaneous  deformations  (u2p=0)  Ap=  4*p= 

=  &  £=^?2Eare  ne8*ectec*>  and  ‘or  a  ^ree  cry?tal  located  in  an  external 
field  when  electrostriction  and  piezoeffect  arc  neglected. 


The  variables  T,  u^  and  Pi  we>-e  made  use  of  in  paragraph  3,  sub- 
paragraph  3  in  the  examination  of  special  features  appearing  when  taking 
account  of  spontaneous  deformations  in  a  free  ferroelectric  and,  conse¬ 
quently,  !.he  expression  (3.52)  is  free  energy  Ap  (T,  Pi,  "g^).  The 
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same  results  could  have  been  obtained  by  using  elastic  Gibbs  function 
<£p  (T,  P^,  if  a  representation  for  spontaneous  mechanical  stresses 

leading  to  the  formation  of  :pontar.eous  deformations,  i.e.  us{t-=V' 
were  introduced.  ^r1 

V 

In  describing  the  properties  of  a  fixed  ferroelectric  it  is  pref¬ 
erable  to  "work"  with  the  variables  Ps,  ug,  i.e.  to  make  use  of  the  free 
energy  Ap  (T,  P^,  u^).  Conversely,  in  the  examination  of  behavior  of  a 
free  crystal  and  of  a  crystal  to  which  <ternal  forces  are  applied  it  f.s 
more  conven^nt  to  use  elastic  thermodynamic  potential  $P  <P.  *)  since 
the  equat  ^ns  resulting  with  its  differentiation  are  simpler  and  accom¬ 
plish  tie  aim  faster-  It  should  be  noted  that  both  approaches  have  been 
used  sufficiently  often  in  the  studies  of  ferroelectrics.  For  example, 
elastic  thermodynamic  potential  <^p  (T,  P^,  was  used  in  tht  works 

[2,  38,  39]  in  the  detemii  ation  of  effect  of  mechanical  stresses  on  the 
properties,  and  free  energy  Ap  (T,  P^,  ujc)  was  useu  in  (3.49)  with  the 
results  of  these  studies  agreeing  with  each  other. 


3.  Ferroelectrics  in  the  Case  of  Weak 
External  Influences 


According  to  Curie  principle,  during  the  action  of  external  forces 
crystal  symmetry  contains  only  elements  common  with  the  symmetry  group  of 
the  external  influence.  Therefore,  in  satisfying  the  equilibrium  condi¬ 
tion  the  expression  for  thermodynamic  potential  of  the  crysla  (most  often 
Ap  (T,  uk,  Pi)  or  3>P  (T>  d,  Pi))  must  contain  only  the  invariants  de¬ 
termined  by  this  symmetry.  Finding  of  the  values  of  variables  with  which 
equilibrium  is  provided  is  reduced  co  finding  the  minimum  of  $  >  with  the 
specified  external  forces,  i.e.  to  the  solution  of  a  set  of  equations  of 


the  following  type 


a*r 

if;' 


<E,  *»»!,  2,  3; 


(3.87) 


In  order  that  the  solutions  of  (3.87)  indeed  correspond  to  the  min¬ 
imum  of  C^p  in  accordance  with  the  rules  for  finding  the  minimum  of  a  func¬ 
tion  of  many  variables,  it  is  necessary  to  require  the  satisfaction  cf 
stability  conditions,  i.e.  of  a  series  of  inequalities  for  determinants 
made  up  of  the  second  derivatives  of  Jp  with  respect  to  independent 
variables  [see,  for  example,  (3.50)J. 


In  .hose  cases  when  a  phase  transition  of  the  first  kind  ta-  es 
place  and  two  different  phases  coexist  at  a  specified  temperature  and 
stresses,  cbe  absolute  values  of  $p  of  each  phase  are  compared  and 
ir  this  manner  it  is  determined  whicn  one  of  them  is  raetastable. 


When  solving  the  equations  (3.87)  simultaneously  with  stability 
conditions  (3. 50)  Curie  principle  is  satisfied  automatically  and,  conse- 

1)  For  the  other  th.-rraodync-' :  j.'rc*’ c ’als  Ap,  and  & 

equilibrium  conditions  are  written  in  a  similar  manner;  physical  sense 
of  independent  variables  changes. 
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quantly,  when  constructing  the  function  <^p  there  i$  no  need  to  be  con¬ 
cerned  with  its  resultant  symmetry.  In  other  words,  the  expression  for 
may  contain  all  invariants  of  the  highly  symmetrical  phase  similarly 
to  the  way  tais  was  done  in  the  determination  of  the  components  PS£  and 
Ugfc  (3.53),  (3.37).  Another  approach  is  permitted,  which  in  a  number  of 
cases  substantially  simplifies  the  investigations,  when  terms  the  exis.ence 
of  which  in  a  set  o;:  final  solutions  clearly  contradicts  the  properties  of 
symmetry  of  the  extsrnal  f‘  -ces  are  excluded  from  <|>p  in  advance  (for 
example,  in  the  of  .  cubic  crystal  there  is  no  need  to  take  into 

account  the  displace  ncr.t  cvmponents  during  the  action  of  mechanical  forces 
and  fields  along  the  major  symmetry  axes). 

We  will  note  that  eiuatlons  for  piezoeffect  (3.85),  vhi«.h  are  noth¬ 
ing  else  but  a  generalized  matrix  form  of  v citing  the  solution  of  linear¬ 
ized  equations  (3.37);  also  satisfy  the  requirements  of  Curie  orinciple 
if  matrices  whose  structures  sa;isfy  the  requirements  of  symmetry  of  the 
phase  with  which  we  are  concerned  in  a  ferroelectric  appear  in  them.  How¬ 
ever,  tha  equations  \3,o4)  do  not  contain  by  themselves  the  information 
on  temperature  dependences  of  parameters  of  a  ferroelectric  and  on  stability 
of  its  phases  under  different  conditions  inasmuch  as  they  have  no  specific 
features  characterizing  the  crystal  near  a  phase  transition. 

In  the  case  of  weak  external  influences  when  the  effects  brought 
about  by  them  are  sufficiently  small  in  comparison  with  some  of  the  para¬ 
meters  characteristic  of  a  system  (ior  example,  when  polarization  Pu,  and 
deformation  uuk  induced  by  .'.he  field  and  mechanical  stresses  are  small  in 
comparison  with  Pgfc  and  usjf)  the  system  (3.87)  may  be  reduced  to  r—utions 
linear  with  respect  to  ?ui  and  uuk.  Of  course,  in  direct  proximity  to  the 
transition  point  the  assumption  concerning  the  relative  small:  >-$s  of  Pui 
and  uU£  is  conditional. 

We  will  examine  solution  of  the  equations  (3.87)  as  applied  to 
ferroelectrics  having  symmetry  Oh  above  Cur’  point  and  to  ferroelectrics 
which  exhibit  piezoelectric  properties  in  too  highly  symmetrical  phase. 

Barium  Titanar.e  Group 

Thermodynamic  theory  of  electromechanical  properties  of  barium 
titanate  was  dc  .elopud  in  the  works  of  V.  L.  GinzLurg  [_1,  2],  Devonshire 
[3],  L.  P.  Khoiode'.ko  [38,  39,  54.  55]  and  other  authors  [48,  49].  In 
the  works  [l,  2,  38,  39]  the  authors  examine  conditions  for  the  minimum 
of  elastic  thermodynamic  potential  (T,  P£,  tfiK) ,  and  the  minimum  ot 

free  energy  Ap  ( T ,  Pi,  ujj)  is  determined  in  [3,  48,  49;.  3s  already 
pointed  out,  this  difference  does  no  ’-ad  ro  contradictions,  However, 
in  the  determination  c-i  electrc-stri"  *  ->n  corrections  t->  the  coefficients 
of  the  expansion  it  is  preferable  to  ..se  the  second  method.  Th.s  was 
done  in  subparagraph  1  of  this  paragraph.  When  mechanical  stresses 
brought  about  by  external  forces  are  present  in  .‘he  crystal  the  first 
method  proves  to  be  more  effective. 
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aas 


c.r-C  -t 


The  expression  for  <^p(T,  Ti»  will  now  be  written  in  the 

following  forms  O 


*f  (T,  P„  H)  -  ♦.  (T)  +  « (Pi  +  P}  +  P J)  +  |  (/»  +  P*  +  P})  + 

+  ti  (PI  Pi  +  PIP:  +  P}fD  +  J  Is  (PI  -r  P*  fj)  J-  7.  I**.  (P»  +  pi)' 4. 

+  p;  (pi + Pi) + pj  (p»  +  p})\ + tj  (pip}p‘)  ~  («„Pi + .„/>>  +  ,„p.)  _ 

-  1««  (Pi  +  Pi)  +  «„  (Pi  +  PJ)  +  (PJ  +  p>)l  -  2.,,  (*„P,P,  + 

+  •i.PfP,  +  •„P.P,)  —  J  eft{«i,  +  •},  +  »L)-  »11  tV„  +  •,*»,.  +  «„«„)  — 
~Y#*f  (’i,  +  *L  +  e}£)- 


(3.88) 


'’jmparing  this  expression  with  formula  (3.53)  we  see  that  their 
structure  completely  coincides  [if,  of  course,  in  (3.53)  Psi  is  substi¬ 
tuted  by  Pj  and  usk  by  uk].  The  difference  in  signs  before  the  mechanical 
and  mixed  terms  is  explained  by  that  a  system  or  signs  different  from  [3, 
48,  49]  is  used  in  [38,  39]  and,  consequently,  in  (3.88).  Namely,  it  is 
assumed  in  [38,  39J  that  elongation  deformations  and  stresses  are  positive 
whereas  in  the  works  [3,  48,  49]  and  other  works  elongation  deformations 
and  compression  stress  are  positive.  In  the  examination  of  spontaneous 
deformation  this  was  of  no  significance.  However,  henceforth,  when  com¬ 
paring  the  results  we  will  use  the  more  natural  system  of  signs  used  in 
the  works  [38,  39],  i.e.  uelong>0,  rfelong>0. 

T.n  additioj  to  this,  in  Ap  (T,  P,  uk)  the  coefficients  <1, 

*2»  etc,  should  be  provided  with  the  symbol  "u"  in  conformity  with  tne 

fact  that  they  are  taken  with  a  constant  deformation  whereas  in  |>P  (T, 
Pi,  <?k)  these  coefficients  are  taken  with  a  constant  mechanical  stress 
in  the  crystal. 

It  can  be  shown  that,  for  example,  £l=  -  &  it  is  also 

obvious  that  elastic  constants  c?^  enter  (3.53).  The  matrix  of  electro- 
striction  constants  o<ik  has  the  same  torm  as  q*^  in  (3.53) 

1)  Notation  of  (T^,  P^  )  from  [38,  39]  differs  from  (3.88) 

in  that  terms  of  the  form  P.  P^  and  V-P^  instead  of  0,  (P*„  + 

IS  l  5  l  sx 

+  Pgy  +  Psz)  and  (p|x  +  p|y  +  r|2)  appear  in  [38,  39].  Both  nota¬ 

tions  and  all  results  are  identical  if  coefficients  of  the  expansion 
*2  and  *3  are  sulstituted  respectively  by  / 2  “  ?i>  y2  -  y  1  and 

r 3  -  2*  from  (3.86).  The  advantages  of  formula  (3.88)  consist  |n  that 
is  does  not  contain  superfluous  invariants  of  the  type  P?P?  and  Pjpf.  In 

addition  to  this,  comparison  with  the  results  of  the  other  works,  for 
example  [3,  4<j,  49j,  and  of  the  preceding  sections  of  this  chapter  [com¬ 
pare  with  formulas  (3.46,  (3.48),  (3.49),  (3.52,  (3.53)  is  made  easier. 
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The  main  results  of  solution  of  the  set  of  equations  (3.87)  accord 
ing  to  [38  j  and  [39]  are  given  below. 

1)  Spontaneous  Polarization.  Solutions  of  the  equations  (  _n 

with  the  additional  conditions  (3.50)  are  sought.  \  V^k~ 


=0 


Solutions  have  the  following  form  (see  also  3.49). 

1.  Cubic  phase 

**i*“0; 

2.  Tetragonal  phase 

PI •  — <~h  - 

Pm  **  ^i| «  0; 

3.  Orthorhombic  phase 

Pl*““P}r  -TirTTaTJ  W  +  + ty 1 — **  cu  +  3't)]. 

Pm—0; 

4.  Rhombohedral  phase 


>>J.-PJr«i,L--2(7i  +  6lt+^l~(?,  +  ‘!2)  + 
+  ¥(fci  +  k)1  —  ♦»  ItTF  ®T|  +  tj)J. 


A 

(3.89) 

i 


Stability  conditions  (3.50)  give  the  following  inequalities  for  all 
of  the  four  phases:  ^ 


1  «>0; 

M  t)  +  2)  h~h-r2{i,-it)Pl>0; 

in  S)  h~h-ln-3h-2JPL  ^0;  2)  h-h  +  2(U-li)Pl<0; 

3)h  +  h-2C!,+3l,)Pl.>0; 

IV  1)  fc  +  It,  +  2tJ  pi  >  C:  2)  h  -  P,  +  (7,-27;)  P\t  <  0; 

3)  (ft-^d  +  SI.T.  +  STj-i-TjlPi^C. 


(3.90) 


A  very  interesting  conclusion  follows  from  (3.90):  when  y.— 3?2~ 

=  Y_=0,  phase  3  is  unstable  since  the  first  two  nnditionr-  in  (3.90)  for  3 

*  '*  ^ 
are  inconsistent.  In  other  words,  the  terras  rw.Psi  have  to  be  taken  into 

account  to  explain  the  low- temperature  transions. 

2.  Spontaneous  Deformation.  Components  of  spontaneous-deformation 
tenser  were  defined  in  subparagraph  1,  paragraph  3  (see  (3.o5>  on  the  basis 
of  conditions  of  minimum  for  the  free  energy  Ap  (T,  Pis»  us)' 

For  p  p^,  tf^)*  expressions  for  us^  will  be  found  from  the 

equations||jj^k^=  -  usk  uPon  substituting  in  them  the  solus  ions  (3.89).  For 

1)  The  relationship  Pj^  (T)  calculated  by  Devonshire  [3^  is  shown 
in  Figure  3.3. 
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example,  for  phase  2  we  have: 


(3,91) 


Comparing  these  equalities  with  the  formulas  from  (3.55),  the  elec- 
trostrictive  constant-  * may  be  expressed  in  terras  of  coefficients  of 
electrostriction  qilc  and  elastic  constants  cfk  ,=  ?->i  from 

(3.55) 

3)  Die  1  ec r --ic -Constant  Tensor.  To  find  the  component  of  the 

dielectric-constant  tensor  in  the  absence  of  mechanical  stresses  the  follow¬ 
ing  set  of  equations  is  solved 

ffiLr* 


The  condition  of  smallness  of  the  quantity  E  makes  it  possible  to 
linearize  these  equations.  For  this  purpose,  polarizatio-  is  represented 
in  the  following  form: 


!>Mi=pii] 


h-P.i-i-P. ,  (f>. 


(3.92) 


where  P,-  .  is  a  small  quantity.  Making  use  of  (3.92)  and  neglecting  terms 
containing  the  quantities  and  higher,  we  will  obtain  a  set  of  equations 

linear  with  respect  to  P?..  Next,  making  use  of  the  definition  of 

*4  ■ 1 

Pii  4 It  E'* 

•we  will  obtain  the  following: 


Phase  1. 


°  °  \ 

•*-{  0  --4 

\  o  o  rj 


Phase  2. 


/*«  o  o  \ 

M  o  o  : 

\  o  o 


I?; -^1-r- in- n) 


Phase  3.  Expressions  for  £5^  are  ve**v  cumbersome  and  are  transverse 
components  of  the  type  £Xy.  However,  after  reduction  to  the  major  sym¬ 
metry  axes  they  acquire  a  suff:fi^  tly  compact  form: 


-  SI 


(3.93) 


/  *  v  **  _ . 

'  "r  "  +  * 

“ -  *|p,-h  +  2  *,!/>»,  :  W  “ -  irnKTKr^r • 


Phase  9.  After  reduction  to  the  major  axes: 

(‘U'  -  (*'e,Y  *»  -  +  17,-211)^1^  * 

™  _  sTw+w^r  * 

In  Figure  3.9  are  shown  temperature  dependences  of  the  values  of  £*., 
calculated  for  BaTi£>3  in  [3]  and  reduced  to  major  axes.  ,!V 

Temperature  depone  .nces  of  dielectric  constants  of  a  "clamped"  crys¬ 
tal  are  considerably  less  marked  [3,  37,  42 j. 


t 


Figure  3.9.  Temperature  dependence  of 
components  of  dielectric-constant  tensor 
for  BaTiC3  [3]. 

I  --  cubic  phase;  II  --  tetragonal  phase; 
III  —  orthogonal  phase;  IV  —  rnombchcdral 
phase. 


9)  Piezomoduli  Tensor.  To  determine  piezoelectric  properties  it  is  neces¬ 
sary  to  solve  simultaneously  the  following  set  of  equations: 


■ >p , 


—  0; 


(direct  piezoelectric  effect  Ei=0;  ^=/Q)  or 


(3.99) 


(3.95) 


(E$#);  *k=0;  inverse  piezoelectric  effect).  When  using  formulas  (3.95) 
for  region  II  the  inverse  piezoelectric  effect  is  expressed  as: 

«« - *,,n  = «.» (P':i  +  2r„p„)  -  a-  £.■  (3.96) 
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In  other  words,  inverse  piezoelectric  effect  in  Bal'iC>3  and  in  ferro- 
electrics  isophorinous  to  it  is  in  essence  linearized  electrostriccion.  It 
is  obvious  that  the  results  of  both  methods  of  determining  the  djfc  must 
coincide. 

Calculated  components  of  piezomoduli  arc  given  below  (for  phases  3 
and  A  the  values  of  dik  are  reduced  to  major  axes). 


Phase  2. 


/  u  i;  «i  o  jti  o\ 

-»-/  o  o  o  o  o  J : 

V*  *='  0  CO/ 

*11  . 

«»*■-  “ T7T 1  * - 


Phase  3. 


Phase  A. 


*  (3»  +  ?:/  ;,)  2*  • 


_ *jw _ *»I^,P., 

-Ml.  -hiPlAP"  *“  2*  * 


(*ii  *1:  t  2*4.)  P tl  „  *it^.»  . 

""  "  2  VC  1Z.  +  (9,  +  j!,)  PJ,|  *  J*  “  2V2  i 7a  +  (?,  f  ft,)  P*.  | ' 

_  **• .  +  *lt~^,<l)  Pf  .  _ *u~-»n _ 

ltil24  +  (h  +  J,»fJ.r  M  ™  2  V2  |9,  —  p,  +  2  (7,  —  li)  PJ, 


u“  f*»  —  r*i -4-  (1»  —  1,  —  1*)  PI?" 


&•  _  i*n  *li-  +  2«n)  P„  . 

2V3  |2.  +  {J,+  2?,)  P>,|  ’ 


rfj.  - 


(»n  +  —  *«<)  ?•»  . 

2V3j2 *  +  ([>,  + 2?,) /’jJ’ 


_ *» —  *n  *m 

2Vb  i?,  -  j., +  (•!,- . 

j.  _ 2. i,  —  3>|,  -t- 1,, _ 

5  ** ”  2  vx  19,  _  h  +  (l3  -2,,)  />;,!  pf„  • 


Relationships  of  piezomoduii  to  T  (not  in  the  major  axes)  calcu¬ 
lated  in  [3]  are  shown  in  Figure  3.5. 

It  can  be  shown  [3(J  that  components  of  piezomoduii  and  dielectric 
constant  are  connected  by  the  general  relationships: 

^T""W('v&-).'(3-97>  <3-97) 

where  all  quantities  are  taken  relative  to  the  major  axes.  The  relati<n- 
ship  (3.97)  follows  from  the  obvious  fact  that  upon  tne  application  wf  the 
field  both  Ptfk  and  uMk  are  brought  about  by  the  displacement  oi  tae 
charge. 
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Figure  3-5.  Temperature  dependence  of 
the  components  of  piezomodu!i  for  BaTiO^ 

[3]. 

II  --  tetragonal  phase;  III  —  orLhorhombic 
phase;  IV  --  rhombohedral  phase,  i  —  d^= 

=di65  2  --  dl^=d^‘,  3  —  d; i=<l1 2^33 *  *  ~ 

d22=d335  5  '■  d33S  6  —  d 15  =di6=rd24=d26= 
=d3A=d35;  7  —  d24~-d34»  8  —  di4=d25=d36» 

9  --  d2l=d3i;  10  —  d311=d32»  H  ““  ct; ■  = 
=d13=d21==d23=:d32»  12  *'  d23=d32* 


fp)  (e) 

5)  Moduli  of  Elasticity  s„  and  s..~  .  ,  .  c  .  , 

1  ik  ik.  Analysis  of  the  equations 

<3.85)  simultaneously  with  (3.86)  shows  that  behavior  of  the  constants 

P  P  (p)  (E) 

c  and  s..  and  of  the  constants  c.,  and  s.,  which  appear  in  thermody- 
ik  iK  ik  ik 

namic  potentials  and  *s  very  dissimilar. 

Whereas  the  former  are  continuous  and  relatively  weak  temperature 

(E) 

functions,  the  latter,  i.e.  the  quantities  ^(E),  either  undergo 

**  ik 

a  discontinuity  or  experience  a  sharp  change  in  the  phase  transition  re¬ 
gion  (Figure  3.6). 

6)  Displacement  of  Cur  Point.  I”,  tolliws  from  (3.88)  that  in 

the  presence  of  mechanical  stresses  the  term  may  be  ccmMned  with 

invariants  of  the  type  ar*d,  consequently,  0^=8  —  ^he 

condition  for  phase  transition  changes  in  accordance  with  this.  Fir 
example,  in  the  region  of  tetragonal  symmetry  the  condition  0.^=0  leads 
to  the  following  formulas  [39]; 
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Figure  3.6.  Moduli  of  elasticity  with  a 
permanent  field  for  BaTi03  in  relation  to 
temperature  [']. 

1  --  cubic  phase;  II  --  tetragonal  phase; 

III  --  orthorhombic  phase;  IV  --  rhombo- 
bedral  phase. 

On  the  basis  of  these  relationships  the  appearance  of  additional 
polarization  may  be  represented  as  a  change  in  spontaneous  polarization 
PSjj,  brought  about  by  a  "displacement"  of  the  entire  curve  Psz  (T)  to  the 
right  or  to  the  left  of  some  point  T.  From  this*  a  conclusion  may  be  drawn 
that  appearance  of  piezopolarization  and  displacement  of  the  transition 
Foint  0  .are  essentially  equivalent  effects  brought  about  by  a  change  £49 
of  the  state  of  the  ferroelectric  as  a  result  of  application  of  external 
forces. 

Seignette's  Sale 

Elastic  thcrm-vivnawic  potential  for  5eignette:s  salt  may  be  easily 
obtained  from  C 3 . 57)  after  appropriate  substitution  of  variables  and  coef- 


kJ  hik‘ 


ficients  of  expansion,  i.e.  c^-*s^,  -sk-**skJ  hik-*8lks 

«-*<**;  ft  .  Owing  to  the  presence  of  a  linear  piezoelectric  term 

in  solutions  of  the  equations  (3.87)  are  expressed  by  very  cumbersome 

formulas  that  lend  themselves  with  difficult  to  analysis.  If  we  limit 
ourselves  to  a  unidimensional  approximation  [l»  2],  i.e.  if  (|>p  is  rep- 
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resented  in  the  following  form 


♦,  <r.  P„  «*)  -  *c  (T)  f  +7  P‘,  -  7  *!>„  -  -- 


(5.98) 


then  a  connection  may  be  established  between  certain  parameters  in  (3.98) 
and  (3.57),  in  particular 


tn - f„.  ~  7^7 ' 


4  t  “l4 

Above  Curie  point,  whan  the  terms  P  ,  d  —  u.  -  -  and  con- 

sequently,  44 


«„-<  + 


J; _ .  .  i  ,  i 

1>  •  *14  ”  7.J  *  *<*  “  1l1 

"i«  ^*f4«  .  p  "u 

Cl,  *||  "  ” 


4.  Some  Comments  on  Thermodynamic  Descrip¬ 
tion  of  Nonlinear  Properties  in  Ferrc- 
electrics 

At  the  first  glance  the  attempt  at  a  theoretical  description  of  non 
linear  effects  on  the  basis  of  thermodynamic  theory  of  phase  transitions 
appears  very  natural  and  substantiated  by  its  extrapolation.  It  may  be 
assumed  that  the  problem  is  reduced  merely  to  the  calculation  of  high  pow¬ 
ers  of  the  fiei%«  and  mechanical  stresses  in  the  equations  of  stace 

h$P  _  *$P 

=Ei>  -  5?- -“fe¬ 
lt  wuuld  seem  that  solution  of  these  equations  in  the  following  form 

Pi  (T,  Ei>  i^)  and  uj^T,  E,  ^) 

would  make  it  possible  to  calculate  the  relationships  of  dielectric  and 
piezoelectric  constants  to  tne  field  and  mecvanical  stresses.  Actually, 
physical  statement  of  the  problem  must  be  considerably  more  complex. 

The  fact  is  that  -n  the  case  of  intense  external  influences  non¬ 
linear  change  in  polarisation  (the  main  physical  substance  of  nonlinear 
effects  in  ferroelectrics  amounts  precisely  to  this  change)  is  accompanied 
by  an  extensive  transformation  of  mechanical  and  electric  energy  into  heat 
In  other  words,  the  process  becomes  irreversible  and  must  be  examined 
using  the  methods  of  irreversible  thermodynamics.  There  is  no  doubt  that 
energy  dissipation  takes  place  in  the  case  of  weak  excitations  also,  i.e. 
in  ♦■he  region  of  linear  dependence  P  (T,  E^,  d^)*  However,  here,  owing 

precisely  to  nonlinearity  the  reversible  and  irreversible  components  of 
the  process  can  be  separated  and  examined.  For  example,  the  relationship 
£(T)  can  be  examined  within  the  framework  of  reversible  thermodynamics, 
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and  tg£(T)  --  by  means  of  solving  differential  equations  describing  the 
stabilization  of  the  proce: s  in  time.  In  rhe  case  of  lt-rge  exciting  fields, 
such  a  separation  proves  to  b_  ipcssible  owing  to  nonlinearities  —  hys- 
teresys  loop  Is  brought  about  both  by  the  reversible  change  in  polariza¬ 
tion  during  the  cycle  ot  rhe  change  in  the  field  and  by  irreversible 
transformation  of  electric  energy  into  heat. 

A  rigorous  application  of  irreversible  thermodynamics  for  describ¬ 
ing  these  processes  encounters  great  difficulties  inasmuch  as  irreversible 
'•hemodynamics  of  electromagnetic  process  is  applicable  only  to  linear 
systems  [56,  57 J.  Some  of  the  basic  theorems  underlying  irreversible 
thermodynamics,  the  so-called  Onsager  reciprocity  relationships  which 
establish  the  connection  between  thermodynamic  forces  and  flows  in  cross 
events,  are  valid  only  in  the  case  when  these  flows  (for  example,  currents 
and  deformations)  are  linear  functions  of  thermodynamic  forces  (the  field, 
mechanical  stresses,  etc.).  However,  precisely  these  connections,  both  the 
direct  and  cross  connections,  are  assumed  to  be  nonlinear.  Thus,  in  the 
attempt  to  create  a  rigorous  thermodynamic  theory  of  hysteresis  loop  with 
energy  dissipation  taken  into  account,  we  encounter  a  series  of  basic  dif¬ 
ficulties  which  increase  still  more  for  polydomain  structures  inasmuch  as 
a  sufficiently  correct  theory,  even  within  the  framework  of  reversible 
thermodynamics,  has  not  been  created  for  their  description.  It  should 
also  be  noted  that  according  to  experimental  observation  of  behavior  of 
a  single-domain  crystal  in  a  strong  field,  repolarization  always  occurs 
by  nears  of  appearance  and  growth  of  the  nuclei  of  polarization  -P,  inn 
verse  in  relation  to  Ps,  and  not  2'  a  result  of  a  simultaneous  depolariza¬ 
tion  of  the  entire  crystal.  The  growth  of  these  nuclei  is  a  complex  stati¬ 
stical  process  in  which,  in  addition,  the  effect  of  their  interaction  also 
plays  a  role  (see  chapter  7). 

In  considering  all  of  the  foregoing,  no  surprise  should  be  caused 
by  the  fact  that  coercive  field  calculated  on  the  basis  of  representations 
concerning  reversible  thermodynamic  process  in  single-domain  ferroelectrics 
exceeds  approximately  by  20  times  the  vilue  of  observed  experimentally. 

At  the  same  time,  the  application  of  "conventional*'  thermodynamic 
representations  by  no  means  proves  to  be  in  vain  if  attention  is  focused 
on  the  explanation  of  qualitative  characteristics  of  ferroelectrics. 

For  a  number  of  cases  this  approximation  amounts  to  the  following: 
a  comparison  is  made  of  the  theoretical  (obtained  using  the  methods  of  re¬ 
versible  thermodynamics)  and  experimental  cyclic  relationships  Pi(E£,  <5^,  T) 
i.e.  hysteresis  loop-.,  plotted  in  a  quasi-static  state.  Naxt,  theoretical 
loop  is  recorded  in  dimensionless  coordinates  and  identified  with  the  exper¬ 
imental  loop.  After  this,  all  relationships  of  the  parameters  can  be  de¬ 
termined  on  the  basis  of  reversible  theory  in  terms  of  the  parameters  of 
the  theoretical  loop  recorded  in  the  scale  of  experimental  hysteresis  loop. 
This  method  used  in  [9,  58-60]  cannot  be  used  for  a  quantitative  descrip¬ 
tion  of  parameters  which  r.haracte  -ize  energy  dissipation.  Effects  observed 
in  "aging  the  test  samples  in  a  s  rong  field"  and  the  so-called  aging  ef¬ 
fect  also  drop  out  from  the  consideration.  However,  this  method  gives 


quite  satisfactory  results  in  the  explanation  and  even  quantitative  eval- 
uatior  o£  nonlinear  dependences  of  dielectric  and  piezoelectric  constants 
determined  after  the  completion  of  these  transient  processes. 

We  will  illustrate  the  foregoing  by  examining  the  behavior  of  di¬ 
electric  constant  £  and  piezomoduli  d33  and  d3i  for  tetragonal  phase 
of  BaTj^.  We  have: 

(r.  P„  ot)  -  *,  (d  +  •/>;  +  ~  ip*  _  +  20.,,,,)  /»-. 

-  7  *fi  M#  +  2,*,)  —  *fi  (»J,  +  &,,*„)■ 

Here  *xx=Syyi  yu=<933~2*7  *  1&‘l2  ^r'1?  ^12=  ^31=  ~U2  *  J0’12 
bar"l.  The  cir _umstance  that  in  the  expression  for  4>p  we  limited  our¬ 
selves  only  to  the  terms  Is  connected  with  the  fact  that  according 

to  measurements  moduli  of  elasticity  are  practically  constant  in  a  wide 

range  of  values  of  As  regards  electromechanical  "cross"  terms  of 

the  type  and  neglecting  of  higher  powers  when  excitations 

are  sufficiently  intense  indeed  does  not  always  pro'»e  to  be  correct. 

Next,  as  usuallv^we  write  the  equations  of  state  (4^=0)  with  an 
additional  condition  - x^O,  i.e. 

*Pz 


2PA*  +  Wl  +  iPD-F.,. 
"* 

«4-3^»  +  57P)>0. 


(3.99a) 
(3.  *b) 
(3.99c) 
(3.100) 


Inasmuch  as  the  r~~ion  of  tetragonal  symmetry  is  being  examined, 
the  subscript  z  will  henceforth  be  omitted  for  the  sake  of  brevity. 

The  equation  (3.99a)  and  inequality  (3.100)  were  investigated  by 
L.  P.  Kholodenko  [58,  60]  who  found  the  relationship  P(E)  and  the  mag¬ 
nitude  of  coercive  force  Ec,  i.e.  those  values  of  the  field  for  which 
(3.99a)  and  (3.100)  ara  incompatible  and  the  system  is  unstable.  The 
expressions  (3.99a)  and  (3.100)  prove  to  be  compatible  upon  changing  the 
sign  in  front  of  P  to  the  opposite  sign,  i.e.  upon  turning  the  polariza¬ 
tion  vector  by  180°.  The  relationship  P(E)  obtained  in  this  manner  proves 
to  be  ambiguous  and  has  a  characteristic  shape  of  a  hysteresis  loop 
(Figure  3.7).  However,  the  value  of  Ec  found  from  (3.99a)  and  (3.100) 
proves  to  be  considerably  higher  than  the  measured  values.  As  already 
mentioned  above,  it  is  possible  to  surmount  this  difficulty  to  a  certain 
extent  since  the  iciationships  £(E)  and  d$k  (E)  with  which  we  are  con- 

P„(E) 

cemed  are  determined  in  the  final  analysis  by  the  relationship  — ~ — 

M 

where  P^  is  induced  polarization.  Consequently,  if  F.  <s  measured  in 
the  values  of  Ec,  and  P  —  in  the  values  of  Ps,  then  the  shape  of  the 
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Figure  3.7.  Theoretical  [60]  and  experi¬ 
mental  [6-0  hysteresis  loops  for  BaTi(>3 
(in  relative  units). 

1  —  theoretical  curve  for  T-80°C;  2  — 
theoretical  curve  for  I^=20oC;  3  --  exper¬ 
imental  curve  for  T=20°C. 


loop,  and  not  the  absolute  valve,  becomes  the  determinant  as  a  result  of 
such  an  identification  of  the  scale.  If  in  doing  so,  a  satisfactory  co¬ 
incidence  of  the  shapes  of  the  experimental  and  theoretical  hysteresis 
loop  takes  plac->,  then  an  agreement  between  the  calculated  and  measured 

relationships  and  ^ik(^”y  ma>'  exPecte6»  With  this  aim,  the  fol¬ 

lowing  dimensionless  quantities  are  introduced  into  (3,99)  and  (3.100): 


P*°P,  t-r.' 


F. 


p.  +  p< 


(3.101) 


(3.102) 


After  this,  (3.99)  and  (3.100)  are  solved  graphically  in  these  relative 
units  (Figure  (3.7), 


We  will  now  investigate  P^(e)  the  range  of  values  |e  \  <C0.5, 
i.e.  with  fields  whose  amplitudes  do  not  exceed  the  magnitude  of  coercive 
field.  P^e)  is  sought  in  the  form  of  an  expansion  with  respect  to  the 
powers  of  e  up  to  the  terras  e^: 


103) 


After  the  substitution  of  (3.103)  into  (3.99)  and  equating  the  coef 
ficiants  placed  at  the  same  powers  of  e  on  the  right  and  or  the  left,  we 
obtain  a  set  of  equations  by  solving  which  we  define  an  as  a  function  of 
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p  and  5 ,  i.e.  in  the  final  analysis,  as  a  function  of  temperature. 


Suppose  e=eQ  sin  i&t  .  Then,  after  a  series  of  {Transformations 
[9]  we  will  obtain  Pw(e)  in  the  form  of  an  expansion  with  respect  to 
ha  monies: 


P,(r,  T) —  2  (o4,  ,v)  »|n  (W  _ 


(3.104) 


where  the  amplitudes  of  P  are  the  known  field-amplitude  functions  eg 


and  ap(T) . 


The  expression  (3.104)  >.'akes  it  possible  to  calculate  both  the  total 

(ijl 

dielectric  constant  and  that  portion  of  it  £  '  which  is  determined  as  3 

(n\ 

result  of  measuring  a  certain  harmonic  of  the  displacement  current  ' 
flowing  through  a  nonlinear  capacitor: 


./*.(«  .  p.IjL 

4  ™  4*  1  —7T  «■  4  *  4*  I 

*  ** 


•»  A  •  <■ 


fL*1  M 


2; 


(3.105) 
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Figure  3-8.  Relationship  of  g '  <re  3.9.  For  the  explanation  of 

to  field  amplitude.  qv  ^(1) 

the  relationship  g  =  (e). 

( n )  ^ 

Next  we  will  introduce  the  quantity  g  '(en)= - where 

v  tn 


(1)  V  ’ 

the  relationship  g  =  ~j —  (e). 


where 


j  szH't 

•  1  f-  I*.*' 


f  n) 

.  .  Thus,  g'1  (eQ)  defines  the  weight  of  the  respective  "harmonic" 
e'n  ,  i.e.  its  value  in  relation  to  the  normal  value  of  £g  measured 
in  small  fields  in  the  case  of  which  nonlinear  effects  may  be  neglected. 
The  amplitudes  of  (eg)  calculated  for  T^20°C  are  shown  iQ  Figure  3.8 

the  X-axis  of  which  h'.s  a  second  ^cale  expressed  in  units  of  .  This 
makes  it  possible  to  .  -nnect  g^nJ  with  the  concrete  values  otcthe  fields 

*  1)  Of  course,  the  question  concerns  very  low  frequencies,  i.e. 

^  where  tt>g  is  resonance  frequency  of  the  crystal  sample. 


gBPBBIMiBBEiaHWWIWBS 


and  apply  the  curves  shown  in  Figure  3.8  to  ferroelectrics  having  differ¬ 
ent  Ec.  As  may  be  seen  from  Figure  3.8,  the  ampli-.udes  cf  all  harmonics 
grow,  w) ch  the  rate  of  their  growfh  appreciably  ini*. "easing  as  the  field 
amplitude  approaches  Ec. 

Nonlinear  growth  of  the  first  harmonic  which  is  oi  the  greatest  in¬ 
terest  inasmuch  as  this  is  the  harmonic  that  is  usually  determined  in  meas¬ 
urements,  and  the  growth  of  high  harmonics  and  direct  component  of  the  cur¬ 
rent  may  be  explained  physically  on  the  basis  of  the  following  (Figure  3.9). 
During  the  action  of  a  variable  field  E<Ec  on  a  ferroelectric  the  induced 
polarisation  Pm  (and,  consequently,  the  current  also)  will  vary  as  shown  in 
Figure  3.9,  l.e.  it  will  be  assuming  values  defined  by  the  upper  branch  of 
the  loop  (the  section  of  the  loop),  with  a  positive  half-wave  of  the 

field  P  increasing  gradually  and  with  a  negative  half-wave  —  more  sharply. 
It  is  easy  to  see  that  such  a  relationship  of  PM(t)  leads  to  a  nonlinear 
growth  of  the  first  harmonic  and  to  the  appearance  of  higher  harmonics  and 
a  negative  (in  relation  to  7S)  direct  component  of  the  current.  This  di¬ 
rect  component  of  the  current  is  equivalent  to  a  certain  negative  incre¬ 
ment  APS  of  residual  polarization: 

iP,  —  fl4’"  -  ~^r  hi-  (3.106) 

Actually  Py^  does  not  change  the  relationships  fc(E).  However,  as  we 
shall  see,  it  appreciably  affects  the  shape  of  the  curve  dij<  (E).  With 
the  fields  Eq3>Ec  (e0>0.5),  expressions  for  g-'  become  invalid  in  view 
of  incompatibility  of  (3.99a)  and  (3.100). 

Thus,  we  have  arrived  at  a  rather  obvious  conclusion  which  apparently 
may  be  taken  into  account  in  explaining  a  considerable  portion  cf  nonlinear 
effects  observed  in  ferroelectrics. 

The  relationship  4(E),  i.e.  in  the  final  analysis  P^E),  is  marked 
the  more  stre  <ly  the  sharper  the  slope  of  the  ascending  branch  of  the 
hysteresis  loop  changes,  the  smaller  the  coercive  field  Ec  and  the  closer 
the  '’quiescent  point"  relative  to  which  the  field  changes  the  state  of  the 
ferroelectric,  adjoins  the  region  of  the  maximum  change  in  the  slope  of 
the  loop. 

We  ».ill  now  determine  the  relationship  of  the  piezomoduli  d33  and 
^31  tc  the  amplitude  of  electric  field.  Substituting  polarization  P=*- 
=PS  -f  P^  and  separating  that  portion  of  the  deformation  which  is  brought 
about  by  the  electric  field  applied,  we  will  obtain 

- ».►  1 2P.P. {£)  +  {£!!•  (3.107) 

Simultaneous  examination  of  this  relationship  expressed  i.n  terms  of 
dimensionless  quantities  Ps,  P^  and  e  and  hysteresis  loop  leads  to  the 
well  known  relationship  u  ^  (E)  cf  the  "butterfly"  type  (see  [62]). 
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Substituting  then  the  PM(e)  from  (3.104)  into  the  relationships 
obtained,  we  have 


“m*  -  *i»  j  "i*'  *'**• 


(3.108) 


and  introducing  then  e=c.g  sin6it,  we  will  obtain  (3.108)  in  the  form  of  an 
expansion  with  respect  to  harmonics. 

We  will  examine  behavior  cf  the  first  harmonic  of  the  deformation 

(1)  uuk 

uu.  and  will  introduce  the  value  of  piezomodulus  d:.  =  — - —  . 

"it  ■  ik  Eq 

A 

In  general  the  matrix  d  "splits"  into  the  harmonics 


**  Li  - 


(3.1-9) 


If  we  limit  ourselves  to  such  fields  (actually  not  very  small  in 
comparison  with  Ec)  with  which,  according  to  Figure  3.9,  P,,  is  small  in 
comparison  with  Ps,  then  the  second  terms  in  formula  (3.107)  could  be 
neglected  and  in  that  case  0^=2  y*  aPsPm  (E). 


(n)  4jr?Ln; 

Taking  into  account  that  £  - - - - ,  we  have 

Eq 


«••>{£) 


(3.110) 


and,  consequently. 


mm  i'“>  (ft);  dl„  am  Ilffl  Xj». 


If  jEj^>}E^|,  then  the  relationships  obtained  are  invalid. 

It  is  easy  to  perceive  that  with  an  increase  in  temperature  the 

d(l) (£) 

relationship  f  like  the  relationship  ‘ ,  becomes  more 

.  .  d0in 

marked. 


Relationships  obtained  above  in  general  make  it  possible  to  deter¬ 
mine  the  trend  of  the  change  in  ^^(E).  However,  a  direct  comparison  of 

(1) 

d:  ‘  (E)  and  — — Tt~~L  '.ndicates  a  slight  quantitative  lack  of  coinciderce 
in  *0 

of  these  relationships,  which  is  explained  by  the  fact  that  in  formula 

(3.108)  the  direc  ^component  does  not  appear  in  explicit  form  and  the 
terms  +  P,*)  also  do  not  appear.  This  was  already  discussed  earlier. 

The  effect  of  permanent  electric  field  £_  may  be  analyzed  using 
similar  methods. 


The  relationship  £(T,  £„)  was  determined  in  a  number  of  works  [3S, 


Figure  3.10.  Temperature  dependence  of 
polarization  in  the  presence  and  in  the 
absence  of  displacing  field  E  [63]. 

a  —  phase  transition  of  the  second  kind; 
b  —  phase  transition  of  the  first  kind. 

39,  63]  and  it  was  found  that  near  the  phase  transition  of  the  first  kind 

4  %Pm  _ _  *  {i* 

“ *« “  7T ~  iEk>  E- 


In  the  case  of  phase  transition  of  the  second  kind  the  relationship 
is  more  complex: 


where 


»~7,TT* 


The  curve  of  total  polarization,  i.e.  Ps  +  Pm(E=)  shown  in  Figure  3.10 
indicates  that  with  the  growth  of  E_  the  phase  transition  becomes  ^'blurred5'. 

Attempt  to  explain  the  observed  relationships  li  and  d^  (^) 

in  an  analogous  manner  encounters  great  difficulties,  ks  an  illustra- 
tion  we  will  examine  changes  taking  place  in  tetragonal  BaTi03  during  the 
action  of  mechanical  stresses  applied  along  and  perpendicularly  to  Ps. 

Expanding  P._.,  from  (3.99)  (^ik))  Into  a  series  and  substituting  into 
the  expression  for  and  dj^,  we  will  obtain: 


^ tt  (•«)  “  Put  4  P it  (*.."/  *  P*ti  4- 

4  X  (*»*»..  — 

1  4  X  —  ft •«  >'• 

0  4  -  3h**np*<)tnl 

*a  (•».)  «*•  (1  4  Jii’m'Pui)/ 1  4  x  (hi**,.  -  A*.! 
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In  these  formulas,  quantities  having  the  subscript  "0"  were  taken 
with  a  ^kr4).  These  expressions  accurately  convey  »!ie  raain  trends  (de¬ 
crease,  increase)  of  the  relationships  PS2  (rfk),  (*K)  and  d*k  (d*k) 
observed  in  single  crystals  and  even  in  piezoceramics . 

However,  quantitative  evaluations  lead  to  considerable  divergences 
even  with  small  stresses  (6  ~50-100  kilograms/cm2).  Taking  into  account 

of  the  terms  containing  higher  powers  of  <fk  in  (3.88)  and  in  above  formulas 
does  not  change  the  situation.  The  essence  of  the  matter  consists  in  that 
solution  of  (3.83),  i.e.  Psz  (<(k)  has  to  be  examined  together  with  the 
stability  conditions  (3.80)  which  change  substantially  ever,  when  e(k  are 
small.  As  it  was  shown  in  [39],  for  a  single  crystal  of  BaTi03,  with  a 
the  most  advantageous  of  the  solutions  will  be  that  with  which  Ps 
will  be  oriented  along  the  highest  of  the  elongating  stresses  or  along 
the  smallest  of  the  canpressing  stresses.  For  example,  compression  stress 
6ZZ  leads  not  only  to  the  appearance  of  piezopolarization  inverse  to  Ps 
but  also  to  its  turning  by  90°.  In  accordance  with  this,  (^k)  and 
dikC^)  change  more  than  this  follows  from  the  fox— « las  cited  above.  A 
certain  set  of  minimal  stresses  which  can  change  the  direction  of  Ps  of 
the  separate  domains  must  exist  in  an  actual  crystal.  In  ether  words,  a 
quantitative  description  of  the  relationships  L £  (4)  and  dn.  (rfk)  is 
possible  only  as  a  result  of  examination  of  "mechanical  hysteresis"  with 
the  behavior  characteristics  of  the  domains  taken  into  account. 

Par.  4.  Thermodynamic  Theory  of  Antiferroelectricity 

Some  crystals  (often  isomorphous  or  close  in  structure  to  ferro¬ 
electric  crystals)  undergo  with  a  change  in  temperature  a  phase  transition 
into  a  state  with  a  lower  symmetry.  As  a  rule,  twinning  (analogue  of  the 
domain  structure  of  ferroelectrics)  takes  place  in  this  process  but  unlike 
the  ferroelectric  transitions  no  resultant  dipole  moment  appears.  If 
the  structure  of  the  low-symmetry  phase  is  broken  up  into  two  sublattices 
having  an  equal  but  opposite  dipole  moment,  then  the  crystal  undergoing 
such  a  phase  transition  is  called  anti  ferroelectric.  The  principles  of 
thermodynamic  theory  of  antiferroelectrics  were  laid  down  by  Kittel  [64]. 

Following  Kittel,  we  will  examine  a  crystal  lattice  consisting  of 
two  identical  interpenetrating  sublattices  with  the  polarization  Pa  and 
Pj,  corresponding  to  these  sublattices.  In  the  case  of  a  phase  transition, 
expansion  of  free  energy  Ap  with  respect  to  the  powers  of  Pa  and  Pg  may 
be  written  in  the  following  form  (compare  with  3.7): 

P„  0  -,<,  +  /  (PJ  +  pj)  +  „>./>,  +  4- p«).  (3.111) 

The  coefficients  t,  g  and  h  in  (3.111)  are  functions  of  tempera¬ 
ture.  From  (3.111)  we  find: 

,£-^f-2/P.  +  ,P,  +  UPi.  (3.112) 


o 
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And  thus,  spontaneous  polarization  of  one  sublattice  P_  =  -Pc.  is 
equal  to:  Sa  ° 

(3.113) 

Polarization  AP=Pa  +  Pb^Pa  in  a  weak  electric  field  &E  may  also 
be  determined  from  (1.112): 


2A£  =  2  lif>  +  +  t  UPI.ZP. 

(3.114) 

whence  we  find  dielectric  susceptibility: 

iP  i 

(3.115) 

At  Curie  point  P^  =0  and,  consequently  (see  3.113),  f=2g.  There¬ 
fore  we  find  the  following  from  (3.115): 

*  ” 1  +  4'Zr=»  ®  H-  — 

(3.116) 

in  approaching  Curie  point  from  antiferroelectric  modification.  In  un¬ 
polarized  state,  fourth-order  terras  in  (3.114)  should  be  neglected.  After 
this,  we  will  find: 

.-I+4./-I+  2/^r  . 

(3.117) 

When  T=0,  (3.117)  is  reduced  to  the  equality  (3.116).  Thus,  di¬ 
electric  constant  is  continuous  at  the  transition  point.  In  doing  so,  it 
does  not  necessarily  reach  large  values.  If  it  is  assumed  that  the  value 
of  f  near  $  changes  in  accordance  with  the  formula  (compare  with  3.3) 

/“yj  +  Mr  — a). 

(3.118) 

we  will  obtain  the  following  from  formulas  cited  above 

(whan  (A.>0): 

r#«  ra*  2k  * 

(3.119) 

.  ~  1  --  «  I  +.  -  -  j;  fr  _ij  , 

(3.120) 

'-l  +  u(-i  +  (  +  Mr_l| . 

(3.121) 

With  4i>0  the  low- temperature  phase  will  be  antiferroelectric  and 
dielectric  constant  has  a  maximum  at  T=@.  With  A»<0  the  high-temperature 
modification  will  be  antiferroelectric  and  dielectric  constant  has  a  mini¬ 
mum  at  the  transition  point. 

If  it  is  assumed  that  the  coefficients  g  and  h  weakly  depend 
on  temperature,  then  the  jump  in  entropy  AS  and  thermal  capacity  at  a 
constant  pressure  Acp  roay  be  found  from  (3.111)  in  the  case  of  anti¬ 
ferroelectric  transition: 
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(3.122) 


(3.123) 


We  will  examine  now  phase  transitions  of  the  first  kind.  For  this 
purpose,  as  well  as  also  for  the  case  of  ferroelectrics,  it  is  necessary 
to  take  into  account  the  sixth-order  terms  ir  the  expansion  of  free  energy 
with  respect  to  the  powers  of  polarization; 


Ar  -  X.  +  /(/>;  4  P;)  +  tP.P>  +  k  (Pi  i-  Pi)  i- I  (Pi  -i 


n)- 


(3.124) 


We  find  the  following  from  (3.124): 

dAr 

e-7T.-  21  p‘  +  +*hpi  +  wi- 


(3.125) 


Thus,  spontaneous  polarization  of  one  sublattice  in  antiferroelec- 
tri  ,  phase  (Pja=  _Psb)  he  defined  by  the  equation: 

6 iP\t  -f  ikp],  i-  (•.’/  -*)  -  o.  (3.125a) 

At  Curie  point  the  thermodynamic  potential  with  Pas=  “^slr^O  and 
P  =Psb=0  must  have  one  and  the  same  value. 

Taking  (3.1241  into  account,  we  find  the  following  from  that  con¬ 
dition: 

ai-t)+2kr>,.  +  2iP\,- o.  (3.126) 


Solution  of  the  equations  (3.125)  and  (3.126)  gives: 

t-V 


P * 

*  M 


A 

V-K 

a 


r«8. 


From  (3.127),  we  find: 


2/  (2/  —  *)  —  A.';  r«». 


(3.127) 


(3.128) 


The  relationship  (3.128)  is  a  condition  defining  the  transition 
point  and,  therefore,  it  is  natural  to  assume  the  temperature  dependence 
of  the  quantity  f  near  Q  to  be  in  the  following  form: 

,  e 


In  the  approach  from  the  antiferroelectric  and  unpolarized  phases 
the  dielectric  constants  t"  and  at  the  transition  point  prove  to 

be  equal  respectively  to: 


«'-!  +4*7.-. 
•♦  —  >  +  «*x*  - 


(3.129) 
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And  thus,  in  me  ?i‘,ase.  transition  of  the  first  kind  the  dielectric 
constant  experiences  3  iurAp  at  T=@. 

It  should  be  noted  that  the  character  of  a  transition  is  determined 
by  the  sign  of  the  coefficient  h.  An  investigation  similar  to  that  car¬ 
ried  out  in  subparagraph  2,  paragraph  1  of  this  chapter  for  ferroelectrics 
indicates  that  transition  of  the  first  kind  occurs  when  h<£0. 


Kittel  theory  set  forth  above  was  later  supplemented  by  Tessraann 
[65]  who  examined  the  behavior  of  an  antiferroelectric  in  an  external  elec¬ 
tric  field,  and  by  Mason  [66]  who  took  electromechanical  effects  into 
account  using  antiferroe1 ectrics  of  the  type  NH4H2PO4  as  an  example. 

In  the  work  [67]  in  which  Kittel  theory  was  generalised  for  a  three- 
dimensional  case,  a  study  was  made  not  only  of  the  transition  from  anti¬ 
ferroelectric  state  into  a  paraelectric  state,  but  also  a  study  of  phase 
transition  from  antiferroelectric  state  into  ferroelectric  state.  In 
doing  so,  transition  of  the  first  kind  was  examined  with  anisotropy  and 
deformations  taken  into  account.  Behavior  of  an  antiferroelectric  in  an 
external  electric  field  was  also  examined  in  the  work  [67]. 


In  the  investigation  of  phase  transition  from  antiferroelectric 
state  into  paraelectric  state  the  free  energy  Ap  was  written  in  the 
form  of  a  series  with  respect  to  the  powers  of  components  of  polarization 
of  sublattices  Pa  and  Pj,  and  of  the  deformation  tensor  with  accuracy 
to  the  fourth-order  terms.  After  this,  solutions  were  found  from  the 
following  set  of  equations: 


/•X  ft 

^ 7ir 

it  A  p 

TKt' 

itU}  * 


1 


(3.130) 


where  are  components  of  elastic-stress  tensor.  A  study  of  the  set  of 

equations  (3.130)  leads  to  the  folloving  results  (which  coincide  with  the 
results  of  the  work  [64]). 


Piezoelectric  effect  must  be  absent  in  an  antiferroelectric;  lat¬ 
tice  symmetry  decreases  during  the  transition  owing  to  the  presence  of 
spontaneous  deformations.  In  the  approximation  used,  Curie  point  of  an 
antiferroelectric  does  not  depend  on  pressure.  In  addition  to  this,  spon¬ 
taneous  polarizations  Pas  (Pbs)»  thermal -capacity  jump  and  dielectric  con¬ 
stant  near  Curie  point  were  determined  in  the  work  [67]  more  rigorously 
than  in  [64], 

More  camples  cases  are  examined  in  [67]  only  for  unidiraensional 
model c  Analysis  of  phase  transitions  of  the  first  kind  differs  from  that 
carried  out  in  the  work  [64]  by  Caking  into  account  all  possible  invariants 
(for  example,  invariants  of  the  ty  pe  PapQ  omitted  in  writing  the  (3.124)). 
In  doing  so,  the  qualitative  conclusions  remain  the  same. 


To  Investigate  transitions  in  crystals  in  vd1ir.I1  antiferroelectric. 
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ferroe  >ctric  arid  paraelectric  states  are  possible  in  the  absence  of  an 
externa,  field,  Ap  is  written  in  the  form  of  (3.111).  The  values  of  Pas 
and  Pbs  are  fount--  from  the  following  equations: 

-‘-b-  n  (3.131) 

'  7FZ~°- 


Stability  conditions  (i.e.  conditions  for  the  minimum  of  therraody- 
nymic  potential  (3.111))  have  the  following  form: 


(PA ,  t 

-  >  ()•  7"  %  Oj 

d-Af  I 
iAr  d'Af 

1  *'Pl. 


(3.132) 


(3.133) 


We  find  the  following  from  (3.131),  (3.132)  and  (3.133). 

1.  Paraelectric  state  (Pas=Pbs=0)  is  achieved  if  £>Q,  -f<g/2<Tf» 

2.  Ferroelectric  state  (Pa3~Pbs^  is  achieved  if  ffg/2<TC,  f+g<£0. 
In  this  case 

p2  = .  z±2.l  . 

ras  4h 

3.  Antiferroel ectrlc  state  is  achieved  when 

^  -  f>0;  g  -  f> 0. 

P2 

as  4h 


-If  2f\  ! 


Figure  3.11.  Relationship  of  *as  and  Psb 
to  g. 

a  —  f<0;  b  —  f>0. 

With  a  change  of  temperature,  relationships  between  the  coefficients 
f  and  g  may  change  and  accordingly  phase  transitions  will  take  place. 
Relation  of  spontaneous  polarization  of  sublattices  Pa3,  Pbs  to  the  para  - 
meter  g  with  different  signs  of  the  parameter  for  the  case  of  phase  tran¬ 
sition  of  the  second  kind  (i.e.  h^O)  is  shown,  in  Figure  3.11. 


Figure  3.12.  Hystere.'  is  loop  for  an 
anci ferroelectric. 

K.:sulf  of  ‘nvestigation  carried  or  -  In  r67]  on  the  behavior  of  an 
«  err  ".:ec:,  <  an  ext--nal  electric  fieic  are  reduced  in  the  main  to 
t*  Lot  loan  n  transition  fr^a  ferroelectric  into  antiferroelectric 

s  (in  th  ^  of  a  phase  transition  of  the  second  kind),  dielectric 
constant  der  es  by  four  times.  In  a  reverse  transition  it  also  under¬ 
goes  discontinuity  but  becomes  infinite  at  the  transition  point.  In 
strong  electric  fields  the  crystal  changes  from  antiferroelectric  into 
ferro'’*  -ctric  state  with  an  unusual  hysteresis  loop  forming  in  this  process 
(Figure  ,.12).  Critical  field  strength  Ecr  corresponding  to  transition 
into  ferroelectric  state  v»as  calculated  in  [67]: 

(3.13^) 

A  later  attempt  to  generalize  thermodynamic  theory  of  antiferroelec- 
tries  for  a  three-dimensional  case  was  undertaken  by  Cross  [68].  Cross  ex¬ 
am  in.  i  a  pseudocubic  crystal  consisting  of  two  interpenetrating  sublatf.ces 
with  the  polarization  and  ?2'  Cross  represents  free  energy  in  the  f Jim 
of  a  series  according  to  the  even  powers  of  the  quantities: 

p, — P\f  +  r,,'.  —  *V 

P It  *  S'  Pt  *—  P.c  *  *  Pu. 

writing  it  in  a  form  analogous  to  Devonshire*  expression  (3.o9).  Making 
use  of  such  a  free-energy  function  it  is  possible  to  describe  dielectric 
properties  of  NaNbOj  in  ell  phases. 

It  should  be  noted  that  as  in  the  case  of  ferroelectric  transition, 
to  construct  a  consistent  thermodynamic  theory'of  antiferroelectricity  it 
is  necessary  to  determine  the  transformation  properties  of  parameter  which 
characterizes  antiferroelectric  transition  [69].  This  question  is  examined 
in  detail  in  the  work  [69]  using  antiferroelectric  transition  in  (NH^PO^ 
as  an  trample  and  employing  the  general  group  method. 
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CHAPTER  4.  MICROSCOPIC  (MODEL)  THEORY  OF  FERROELECTRICITY 

The  first  attempts  to  explain  the  appearance  of  spontaneous  polari¬ 
zation  by  means  of  some  atomic  mechanism  date  back  to  the  time  when  the 
only  known  ferroelectric  was  Seignette's  salt. 

According  to  hypothesis  stated  by  i.  V.  Kurchatov  and  P.  P.  Kobeko 
the  reason  for  the  anomaly  of  the  properties  of  Seignette's  salt  is  the 
appearance  within  a  certain  temperature  range  of  preferred  orientation  of 
rotating  dipole  groups,  which  disappears  at  a  certain  temperature  similarly 
to  the  way  this  takes  place  in  Langovin  theory.  The  interest  in  micro¬ 
scopic  theory  of  spontaneous  polarization  considerably  increased  immedi¬ 
ately  after  the  discovery  of  ferroelectric  properties  of  BaTiO^. 

Most  of  theoretical  investigations  were  based  on  the  assumption 
that  spontaneous  polarization  is  a  result  of  displacement  of  these  or  other 
ions  (T'  or  n  ic.is  in  BaTiOj,  protons  in  Seignette's  salt  or  KH9).  This 
state  is  maintained  by  a  self-consistent  field  (i.e.  by  the  field  defined 
by  the  displacements  of  these  ior.s).  Phase  transition,  i.e.  the  disappear¬ 
ance  of  Ps,  is  brought  about  by  the  preponderance  of  disordering  action  of 
thermal  movements  of  ions  over  the  action  of  effective  field  which  holds 
the  ions  in  displaced  positions  or  provides  a  certain  preferred  direction 
of  statistical  distribution  of  elementary  dipole  moments. 

Two  types  of  models  have  appeared  in  the  process  of  forming  these 
representations  which  are  considered  valid  even  at  the  present  time  in 
spite  of  these  or  other  refinements. 

1)  Model  of  rrder-disorder  type  in  wnich  it  is  assumed  that  "active" 
ions  may  be  in  one  of  the  minima  (displaced  re? ative  to  the  center  of  the 
ceil)  of  potential  function  describing  its  state  (Figure  4.1a).  In  this 
case,  spontaneous  polarization  is  a  result  of  preponderance  of  the  number 
of  ions  located,  for  example,  in  the  potantial  well  1.  This  model  was 
used  to  explain  the  nature  of  ferroeiectricity  in  BariC>3  t l],  Seignette's 
salt  [2],  XH2PO4  [3],  etc.,  and  is  also  known  under  the  nane  of  "model  of 
Iccjl  tMniaii." 

2)  Model  of  "displacement"  type.  Above  Curie  pointt  active  ions 
are  on  the  average  in  the  center  of  potential  well  which  as  a  result  of 
the  action  of  scl f -consistent  field  becomes  asymmetrical  when  T  <.0,  i.e. 
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Figure  4.1.  Potential  function  with  two 
minima  (a)  and  with  one  min- 
imum  (b). 

its  minimum  is  displaced  along  one  of  the  directions  allowed  oy  the  lat¬ 
tice  symmetry  (Figure  4.1b).  Thus,  the  average  position  of  ar>  ion  proves 
to  be  displaced  and  this  leads  to  the  appearance  of  Ps.  This  model  which 
is  also  called  a  model  of  anharmonic  oscillators,  was  successfully  used 
it-  a  whole  series  of  works  devoted  to  theory  of  BaTiC>3  [4,  3]  and  other 
ferroelectrics. 

Phase  transitions  of  the  "order-disorder"  type  and  transitions  of 
the  "displacement"  type  are  differentiated  in  accordance  with  these  two 
models.  Of  course,  in  actual  cases  these  models  do  not  "countervail" 
each  other  and  transitions  of  mixed  type,  for  example  in  KH2PO4,  appar¬ 
ently  exist  (see  also  chapter  5,  paragraph  4,  subparagraph  3). 

It  should  be  noted  that  the  entire  process  of  formation  of  micro¬ 
scopic  theory  of  ferroelectriciry  may  be  characterised  by  two  main  direc¬ 
tions  of  their  devel opment,  which  by  no  means  exclude  each  other. 

1)  Model  theories  of  the  above-mentioned  type,  constructed  on  the 
basis  of  these  or  other  assumptions  concerning  the  form  of  potential  relief 
along  which  active  ions  are  displaced.  The  movement  c.f  these  ions  takes 
place  in  a  time-averaged  self-consisteni.  field.  The  question  of  the  re¬ 
gion  of  existence  of  Ps=£  0  is  reduced  to  a  determination  of  conditions 
under  which  nonzero  displacements  of  10ns  averaged  over  the  ensemble  (or 
time)  are  allowed. 

2) .  Dynamic  theories,  developed  somewhut  later,  in  which  the  field 
is  considered  to  be  dependent,  on  instantaneous  positions  of  all  ions  which 
perform  related  vibrations  relative  to  the  equilibrium  positions  in  the 
lattice.  Phase  transition  points  are  defined  as  points  of  a  loss  of  dynamic 
stability  of  the  lattice  relative  to  one  of  its  normal  vibrations.  An 
adva-T^ftC  of  this  approach  is  tha.  it  makes  it  possib.e  to  connect  the 
characteristics  of  the  vibv..:  icn  spuecru..!  ci  cue  lattice  vlu.  anomali-.. 

in,  the  transition  region. 

-  105  - 


Dynamic  theory  to  which  chapter  5  is  devoted*  has  very  many  oxnnori 
points  of  contact  with  model  theories  examined  in  the  present  chapter. 

Jaynes  and  Wigner  [6]  theory  in  which  spontaneous  polarization  is 
viewed  as  a  result  of  spontaneous  change  in  the  symmetry  of  functions  de¬ 
fining  the  state  of  lattice  electrons  appeared  in  the  beginning  of  the 
1950s.  These  representations  give  rise  to  certain  objections  on  points 
of  principle.  However,  at  the  present  time,  marked  trends  toward  the 
further  development  and  refinement  of  the  so-called  electron  theory  of 
ferroelectricity  exist. 

It  should  be  noted  that  perfection  of  theories  based  on  represen¬ 
tations  concerning  displacements  of  ions  is  possible  not  only  by  means  of 
using  the  apparatus  of  dynamics  of  crystal  lattices.  Considerable  refine¬ 
ments  can  also  be  achieved  within  the  framework  of  statistical  methods  if 
rough  model  representations  are  abandoned  and  if  the  short  range  of  icns 
is  taken  into  account  on  the  basis  of  more  accurate  representations,  in 
particular  those  involving  the  use  of  Bogolyubov  method,  as  this  was  done 
in  the  works  [7,  8]. 

Interest  in  tha  models  of  local  minima  has  also  resumed  at  the 
present  time.  Examination  of  phase  transitions  of  the  order-disorder 
type  in  terms  of  Ising  model  with  lattice  vibrations  and  quantum  effects 
taken  into  account  [9j  opens  new  possibilities  of  explaining  and  classi¬ 
fying  the  characteristics  of  ferroelectric  transitions  in  different  crys¬ 
tals. 

Big  progress  has  been  recently  achieved  in  theory  of  phase  transi¬ 
tions  in  hydrogen-contaitsing  ferroelectrics.  The  latest  works  by  Blinc, 
et  ai.  [10,  llj  and  a  number  of  works  [12-16]  on  two-dimensional  models 
of  such  crystals  qualitatively  explain  many  important  features  of  phenom¬ 
ena  taking  place  in  them. 

Par.  1.  Free  Energy  in  Self-Consistent-Field  Method 

General  relationships  which  are  used  in  various  model  theories 
based  on  representations  on  the  displacements  of  ions  are  derived  in 
this  paragraph.  Expressions  obtained  on  the  basis  of  self-consistent- 
field  method  are  not  connected  with  any  concrete  form  of  potential  re¬ 
lief  and  can  be  made  use  of  in  the  analysis  of  models  of  local  minima 
and  anharmonic  oscillators.. 

1.  Free  Energy 

Displacements  of  ions  bring  about  the  appearance  of  strong  effective 
fields  whove  action  is  conducive  to  fixing  cha  ions  in  their  displaced 
poaft*cn*.  Spwtaneous  polarization  developing  in  this  process  is  ais' 
tci  1  c'ectVv..*.  d:pt.lo  the  oprear.v.ci  "*f  which  is  con¬ 

nected  with  the  action  of  effective  fields  on  the  electron  shells  of  ions. 
Interaction  of  ions  is  taken  into  account  in  two  ways:  interaction  of  the 
nearest  neighbors  is  defined  by  a  certain  function  of  coordinates  (x, 
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y»  2)  which  reproduces  the  energy  relief  along  which  ions  belonging  to 
the  k-th  sublattice  stmove";  interaction  forces,  i.e.  electrostatic  forces, 
are  introduced  by  an  addition  to  (x,  y,  2)  of  the  term  z'k  (F^r^)  which 
is  equal  to  potential  energy  of  the  ion  with  a  charge  z£,  displaced  in  the 
effective  field  Ffc  by  the  quantity  r^.  Effective  field  depends  not  on  the 
instantaneous  but  on  the  average  coordinates  of  all  of  the  remaining  ions, 
and  consequently,  on  statistical  properties  of  the  entire  crystal  lattice 
as  a  whole. 

In  accordance  with  these  representations  the  investigation  is  re¬ 
duced  to  the  solution  of  two  problems,  independent  in  a  certain  sense: 

1}  calculation  of  effective  fields  acting  on  different  ions,  and 
also  calculation  of  total  polarization  as  functions  of  applied  field  and 
average  displacements  of  ions; 

2)  writing  and  solving  equations  defining  the  electric  and  thermal 
state  of  the  crystal  under  the  conditions  of  thermodynamic  equilibrium; 
these  equations  make  it  possible  to  determine  the  phase  transition  points, 
temperature  iependence  ef  spontaneous  polarization  and  dielectric  constant, 
entropy  jump,  etc. 

Lorenz  method  or  Ewald  method  (see  par.  2)  is-  used  in  the  calcula¬ 
tion  of  effective  fields  acting  on  different  lattice  ions.  The  calcula¬ 
tion  in  the  process  of  which  the  crystal  lattice  is  divided  into  m  simple 
monatomic  cubic  sublattices  (for  BaTi03  ra=5),  leads  to  the  following  for¬ 
mulas  for  cubic  and  tetragonal  crystals  [3,  17 j : 

+  (4.1) 

1=1 

(4.2) 

Px  is  here  component  of  total  polarization  of  the  crystal,  Pgj^  Is 

electric  moment  of  a  unit  of  volume,  forming  as  a  result  of  displacement 
of  ions  of  the  k-th  sublattice  from  the  symmetric  position  (pgk,x=Nz,ksst> 

where  N  is  the  number  of  cells  in  a  unit  of  volume  and  x^  —  components  of 
the  average  ion  displacement),  E  is  component  of  the  applied  field, 
yp*  Pkk>  an<l  ^k  are  c°efficients  dependent  on  the  polarizabilities  and 
charges  of  ions  and  on  the  lattice  structure. 

It  is  essential  to  underscore  that  all  of  these  coefficients  were 
calculated  on  the  assumption  that  the  ions  are  point  ions,  therefore,  an 
exact  coincidence  theory  and  experiment  can  hardly  be  expected,  and  it 
is  expedient  to  tocus  attention  on  obtaining  the  most  important  qualita¬ 
tive  characteristics  oi  fr-vraelectrics.  It  should  also  be  rera.bered  that 
(4.1)  is  a  Hnear  approximation  of  the  relationship  Fk>;  (Ej,  Pi). 

If  it  is  assumav.  that  appearance  of  spontaneous  polarization  is 


107 


brought  about  by  ions  belonging  to  one  sublattice  (for  ej{ample»  titanium 
ions)5  then  the  sums  in  (4.1)  and  (4.2)  will  contain  only  one  term: 


+  (4.3) 

'V.-vff.  +  rfiW 

(4.4) 


Equation  of  state  for  a  crystal  lattice  are  determined  by  means  of 
free  energy  of  the  following  system: 


A  ~  —A-*  In  Z. 


(4.5) 


where  Z  is  a  statistical  integral. 


In  most  cases  the  calculation  of  Z  is  carried  out  without  taking 
the  quantum-mechanical  effects  into  account  and  is  based  on  the  following 
assumptions: 

1)  potential  energy  of  the  ion  is  defined  by  the  function  (x, 
y,  z)  -  zk(Fkrk)»  and  integrals  describing  the  state  of  the  separate  ions 
are  multiplicative,  which  is  equivalent  to  neglecting  t  >e  correlations 
between  instantaneous  positions  of  these  ions; 


2)  appearance  of  spontaneous  polarization  is  brought  about  by  ions 
called  henceforth  ferroactive,  which  belong  to  one  sublattice  ffor  example, 
+4 

Ti  ions  in  BaTiO^).  Because  of  this,  statistical  distribution  of  these 
ions  alone  is  taken  into  account  and  temperature  effects  connected  with  the 
vibrations  of  the  structural  elements  of  a  crystal  lattice  are  ignored. 


In  accordance  with  these  representations,  statistical  integral  Z 
is  written  in  the  following  form: 

where  ra^  is  ion  mass  and  h  —  Planck  constant. 


(4.6) 


Substituting  (4.6)  into  (4.5)  and  differentiating  with  respect  to 
Fkx>  we  WH1  find  the  following  relation: 


vM 


(4.7) 


Expressing  the  in  this  formula  according  to  (4.1)  and  (4.2) 

in  terms  of  Pgkx  a°d  £*  we  will  obtain  on  equation  the  solution  of  which 
gives  temperature  dependence  of  spontaneous  polarization  (with  £*=0)  and 
dielectric  constant. 

Such  is  the  scheme  and  ha  of  theories  of  ionic 

displacements  developed  at  the  present  time.  They  differ  from  each  other 
by  the  form  and  methods  of  defining  the  function  Ufc  (x,  y,  z).  Thus,  in 
Mason  and  Mattias  [ij  theory,  Uj<  (x,  y,  z)  for  BCT1O3  is  given  in  the  form 
of  six  local  minima  displaced  relative  to  the  center  of  the  cell.  Devon- 
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shire  [4]  and  Sister  [5j  write  (x,  y,  2)  in  a  form  characteristic  of  an 
anharmonJc  oscillator. 

We  will  examine  a  more  general  case  based  on  the  assumption  [17] 
that  oscillations  of  all  ions  of  a  crystal  lattice  take  place.  In  doing 
so,  we  keep  the  assumptions  made  earlier  as  being  valid. 

In  accordance  with  the  foregoing,  we  will  now  write  the  statistical 
integral  in  the  following  manner: 

~  <4-w 


where  m  is  the  number  of  sublattites. 


In  a  particular  case  (for  example,  the  model  of  local  minima  in 
Mason's  and  Mattias'  interpretation),  when  Up  (x,  y,  2)  can  assume  only 
discrete  values,  the  integral  in  (4.8)  should  be  written  in  the  form  of 
the  following  sum: 


*r 


(4.9) 


where  n  is  the  number  of  discrete  states  with  energy  Ujp,  Vj  is  volume 
determined  by  statistical  weight  of  the  state  Ujp,  it*  the  case  in  question 
rp  is  the  average  coordinate  of  an  ion  which  is  in  this  state. 


We  will  limit  ourselves  to  the  assumption  that  Uk  has  reflection 
sytanetry  and  that  the  integrand  decreases  so  rapidly  with  the  increase  of 
rp  that  without  impairing  accuracy,  integration  witft  lespect  to  the  volume 
of  unit  cell  may  be  replaced  by  integration  with  infinite  limits. 


For  this  case,  free  energy  is  tnial  to: 

A - **r  {‘n  £  n  ~ 

*  ml  f 


(4.10) 


Next,  we  have: 


J»*i  \  x,**p] 


35 


vk — 

kT 

1 


- IK- 


kT 


(4.11) 


Differentiating  (4.10)  with  respect  to  ail  Fp;:,  v*e  Vll  obtain  « 
3vstem  of  3m  eq*.*atio:.J  Ox  the  iollowing  totm: 

pjtm — t»»(r .  E„  f,<  f*  **»»*•  ••••  (4.  12) 

where  h* <r’  ,*  ***:  r„ it.  r.Y 
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Assuming  all.  E*=0,  we  will  obtain  an  equation  of  state  for  a  ferro¬ 
electric,  which  defines  the  temperature  dependence  of  spontaneous  polariza¬ 
tion: 


P}>.- 


(A. 13) 


We  will  examine  first  a  particular  case  important  for  the  further 
examination.  We  will  assume  that  all  ions  make  purely  harmonic  oscilla¬ 
tions,  i.e.  all 


<*»  U:+  *■'  >■ **)• 


In  this  case,  integration  of  (4.6)  can  be  easily  carried  out  and, 
therefore,  (4.12)  will  be  written  in  the  follow."  ',g  form: 


(4.14) 

i  Nak 

where  is  polarizability  of  ionic  displacements. 

Substituting  (414)  into  the  preceding  expression  (4.13),  we  will 
obtain  a  system  of  linear  equations  of  the  following  fora: 


where 


2  (*!?»»• +  »**•) 


c  (l  when  k’=k 
xk’  \0  when  k*=^k. 


Generally  speaking  such  a  system  has  only  zero  solutions,  i.e.  the 
crystal  is  paraelectric.  However,  in  a  particular  case  when  the  determi¬ 
nant  of  the  system  with  the  elements  of^^kk1  +  ^kk*  vanishes,  nonzero 
solutions  of  the  following  form  are  possible 


where  A^  is  an  algebraic  complen’ft.'.t  of  the  k-th  line  and  /T  is  some  arbi¬ 
trary  constant.  However,  these  solutions  are  unstable.  This  can  be  easily 
shown  if  we  calculated  direct.1%  the  free  energy  which  in  this  case  is  a 
function  of  the  squares  of  f’|jcx  which  is  infinitely  decreasing  with  the 
increase  of  Psx. 


A  sr^'e  ft rrcoiectric  configuration  can  exist  only  when  the  ex¬ 
pression  for  free  energy  of  the  crystal  contains  terms  that  are  propor- 

s  2 

tional  at  least  to  (P  )  and  the  aggregate  of  which  forms  a  quantity 

8^^  s 

smaller  than  zero,  and  the  higher  powers  of  P  making  up  together  a 
positive  quantity.  8 
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Terns  containing  high  powers  of  P  provide  the  saturation  effect 

of  spontaneous  polarization  and  may  appear  in  the  expression  for  free 
energy  if  the  ions  of  at  least  one  sublattice  move  under  the  conditions 
when  nonlinear  forces  are  in  operation;  in  other  words,  if  at  least  one 
of  the  functions  Uj^  (x,  y,  z)  contains  terms  of  higher  powers  than  x  ,  y^, 
z^.  It  is  precisely  these  terms  that  account  for  the  temperature  and 
nonlinear  effects  characteristic  of  ferroelectrics. 

As  regards  the  first  condition  --  the  requirement  that  terms  pro- 
s  2 

portional  to  ^2kx^  raa'ce  UP  3  negative  quantity,  it  is  necessary  in 
order  that  the  free  energy  A(PS)  have  a  minimum  when  X|toaPsM=  0.  This 
condition  is  realized  owing  to  a  strong  long-range  action  —  effective 
t)e!.d  (Pg)  which  "breaks"  the  symmetry  of  the  function  Uk  (xyz). 

Ions  performing  harmonic  oscillations  indirectly  affect  the  tem¬ 
perature  characteristics  of  a  ferroelectric;  taking  them  into  account 
when  calculating  the  effective  fields  and  polarization  will  introduce 
corrections  into  the  expressions  for  the  coefficients  in  (A-3)  and  (4. A). 


2.  Conditions  for  a  Ferroelectric  Transition 

According  to  the  theorem  on  implicit  functions  Q 18 J  the  existence 
cf  a  unique  and  finite  nontrivial  system  of  solutions  cf  equations  of  the 

type  (4.12)  is  possible  with  those  values  of  PS  with  which  the  functional 

gtCS 

determinant 


(4.15) 


is  not  equal  to  zero. 


The  equality  of  the  determinant  to  zero  indicates  a  loss  of  "stabil¬ 
ity"  by  the  system  (4.12).  It  is  obvious  that  the  *-emperature  of  transi¬ 
tion  into  paraelectric  state  will  be  found  by  substituting  into  (4.15)  the 
trivial  solutions  of  thn  system  (4.12): 

Pci  '  ...P  ;id. 

J  gly  gmz 

A  study  of  the  condition  of  equality  of  the  determinant  (4.15)  to 
zero  together  with  the  equations  (4.12)  makes  it  possible  to  draw  a  num¬ 
ber  of  conclusions  concerning  permissible  types  of  solutions  of  these 
equations. 

1)  With  a  phase  transition  of  the  first  kind  (4.15)  may  vanish  or 
become  a  complex  quantity  when  P*. 0. 
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1)  The  system  (4.12)  is  satisfied  with  the  solutions  of  the  follow¬ 
ing  ton: 


io  P,,  +  0;  P„  +  0. 


(4.16) 


In  other  words,  low- temperature  transitions  similar  to  those  which 
take  place  in  BaTiC>3  are  allowed  in  principle  when  several  active  lattices 
are  present. 

2)  Solutions  of  the  following  form 

+  «<>  P‘,,,  =B»  hi  m  P‘, t, . p%,+z 

are  not  allowed,  i.e.  for  each  specified  component  Psi,  one  and  only  one 
transition  is  possible  with  which  all  spontaneous  displacements  of  several 
active  sublattices  disappear  at  once. 

3)  Solutions  of  the  following  form 

P„-0;  P‘, . ... 

do  not  satisfy  the  system  (4.12).  In  other  words,  antiferroeJectric  con¬ 
figuration  can  appear  only  as  a  result  of  "opposing"  displacements  of  ions 
belonging  to  one  and  the  same  sublar.tice.  From  the  standpoint  of  micro¬ 
scopic  theories  examined  here  this  assumption  is  reduced  to  a  formal  division 
of  statistical  integral  pertaining  to  a  given  sublattice,  into  two  multi¬ 
plicative  groups 


and  to  a  doubling  of  the  number  of  equations  of  state.  However,  with  such 
an  approach  the  question  of  the  causes  of  appearance  of  antiferroelectric- 
ity  does  not  gain  a  more  thorough  (‘"omistic)  interpretation  in  comparison 
with  the  application  of  Kittel  thermodynamic  theory  (s^e  paragraph  4  in 
chapter  3). 

We  will  return  to  the  equations  (4,12).  It  doe-;  net  appear  possible 
to  find  a  solution  of  these  systems  of  equations  in  a  general  form  with 
arbitrary  Up  (x,  y,  z).  It  is,  therefore,  expedient  to  search  for  approxi¬ 
mate  methods  of  solving  these  equations  for  each  concrete  form  of  Up  (x,  y, 
z),  i.e.  separately  for  each  model  theory  proposed. 

For  all  methods  of  defining  Up  (x,  y,  z),  when  determining  Curie 
point  it  is  necessary  to  use  the  condition  of  the  functional  determinant 
becoming  zero  or  appearance  of  complex  solutions. 

As  an  illustration  we  will  examine  this  rule  as  applied  to  the 
existing  model  theories  in  which  the  presence  of  one  ferroactive  lattice 
is  assumed.  Equations  of  state  are  written  in  the  following  forms 
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I  Inasmuch  as  Fsx=jS  Pgx  and  !r  »  />PSX  it  becomes  easy  tc  express 

I  hera  the  equations  in  terms  of  the  components  of  total  spontaneous  polar!- 

p  ration.  These  equations  must  coincide  with  respect  to  the  sense  with  the 

|  equations  of  state  obtained  as  a  result  of  differentiation  of  free  energy 

I  A  (T,  Psx,  P3y>  i?sz)  i"ornied  according  to  thermodynamic  theory  of  ferro- 

|  electricity  L19\  Therefore,  the  following  may  be  written* 
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Inasmuch  as  P  Nz '  x  is  effective  field  upon  displacement  of  all 
ions  by  a  quantity  x,  the  relationship  obtained  defines  the  magnitude  of 
its  average  potential  energy  as  of  the  entire  field,  upon  the  displacement 
of  the  sublattice.  This  corresonds  to  the  case  of  the  so-called  maximum 
oscillations  (q=0)  which  play  the  main  role  in  dynamic  theory  of  ferro- 
electricity  (see  chapter  5). 

Formulas  (4.18)  and  (4.19)  are  also  a  condition  for  phase  transi¬ 
tion,  expressed  in  the  language  of  fluctuations  in  the  displacements  of 
active  ions.  In  the  case  of  a  phase  transition  of  the  second  kind,  when 
T=@,  x=0,  JS  x^=x2  an.j  the  condition  (4.18)  exists.  In  the  case  of  a 
phase  transition  of  the  first  kind,  at  the  transition  point  x=^=0  the  nuclei 
of  the  new  phase  appear  in  the  fora  of  fluctuations  even  before  the  dis¬ 
appearance  of  spontaneous  poiarizcition  and,  consequently,  the  condition 
must  be  more  complex.  We  will  note  that  fluctuations  in  transition  region 
are  finite  owing  to  the  "self "■consistency"  of  the  field  F,  which  does  not 
allow  the  appearance  of  large  values  of  Pj  in  (4.11). 

Formula  (4.18)  makes  it  possible  to  determine  the  order  of  fluctua¬ 
tions  of  polarization: 

_  1|V 

■IP*  =*  /V*{*')*  Ax«  -  -J-  as  I0J  efl.  CICE, 

which  agrees  well  with  the  results  of  thermodynamic  theory  (see  chapter  3, 
paragraph  1,  subparagraph  3). 


Par.  Calculation  of  Internal  Electric  Fields 


1,  Determination,  of  Internal 
(Effective;  Field 

Internal  field  F  acting  on  an  atom  in  a  crystal  lattice  may  be 
represented  in  the  following  form: 

F-.E,  +  B,.  (4.20) 


Here  Eq  is  an  enemal  electric  field  and  Ej  is  a  field  acting  on 
the  atom  in  question  from  the  side  cf  the  other  atoms  of  a  unit  cell.  The 
field  Ei  is  defined  as  follows* 


El  ™2i - 3 - • 


(4.21.) 


where  p*  is  dipole  -r.'.ment  and  ri  --  the  radius  of  the  vector  of  the  i-th 
atom  of  the  lattice. 

We  will  examine  first  the  simplest  case  of  a  diatomic  cubic  crystal 
(for  example,  of  HaCl  type).  In  this  case,  to  calculate  the  field  El  it 
is  convenient  to  separate  mentally  from  the  entire  volume  of  the  crystal  a 
sphere  surrounding  the  atom  in  question  and  having  a  radius  of  several 
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lattice  constant,  (the  so-called  Lorentz  sphere).  Taking  of  the  micro¬ 
scopic  structure  of  the  crystal  into  account,  i.e.  making  use  of  the 
expression  (4.21)  for  the  calculation  of  internal  field,  and  the  cal¬ 
culation  of  the  lattice  sums  are  necessary  only  inside  the  Lorentz 
sphere.  However,  for  diatomic  cubic  crystals  the  corresponding  contribu¬ 
tion  of  into  the  field  E^  is  identically  equal  to  zero.  This  follows 

from  the  considerations  of  symmetry.  Outside  the  Lorentz  sphere  one  may 
examine  the  crystal  approximately  as  a  homogeneous  continuous  medium  with 
polarization  P  on  the  surface  of  the  specimen.  Calculation  of  the  field 
in  t  i3  center  of  spherical  plane  in  such  a  medium  is  a  classical  prob¬ 
lem  in  ilectrostatics.  The  result  of  the  solution  of  this  problem  has  the 
following  form: 


£'m~  r. 
* 


(4.22) 


Finally,  charges  which  had  appeared  owing  to  polarization  on  the 
surface  of  the  specimen  (depolarizing  field  El1)  will  make  a  contribution 
to  the  field  £j.  In  the  simplest  case  when  the  crystal  is  an  ellipsoid 
(or  a  shape  which  is  an  extreme  case  of  an  ellipsoid)  and  the  external 
field  Eg  is  oriented  along  one  of  its  principal  axes,  the  depolarizing 
field  is  connected  with  the  polarization  of  the  specimen  by  the  simple 
relationship: 

(4.23) 


Figure  4.2.  Relation  of  depolarizing 
factor  h  to  the  c/a  ratio  of  the  prin¬ 
cipal  axes  of  ellipsoid. 

The  quantity  M  is  called  depolarizing  factor.  Its  values  for 
different  shapes  of  the  specimens  have  been  calculated  in  the  works  [20, 
21 ]  (see  also  approximate  calculations  for  the  other  shapes  of  the  crys¬ 
tal  [22,  23]).  In  Figure  4.2  is  shown  the  relation  of  M  to  the  ratio 
of  the  axer  nf  ellipsoids  of  revolution  [24],  We  will  also  note  an  im¬ 
portant  property  of  depolarizing  factors:  Ma  +  +  }L.=4'K  where  Ma, 

and  Me  are  depolarizing  factors  in  the  direction  of  three  principal  axes 
of  the  ellipsoid. 
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We  will  now  examine  an  internal  field  acting  on  an  atom  in  a  cubic 
crystal  placed  between  capacitor  plates: 


(4.24) 


Here  Eq  is  the  field  between  capacitor  plates  in  the  absence  of  a 
dielectric.  Upon  insertion  of  a  dielectric  the  field  in  the  gap  between 
the  surface  of  the  dielectric  and  capacitor  plate  becomes  equal  to  E0-f4Tt.P, 
the  third  addend  in  (4.24)  corresponds  to  a  depolarizing  field,  the  fourth 
—  to  the  field  of  Lorentz  cavity.  In  a  noncubic  crystal,  one  more  addend 
corresponding  to  the  field  created  by  atoms  inside  Lorentz  sphere  would 
appear  in  (4.24).  We  have  the  following  from  (4.24): 


■ F-.  +  T  p- 


(4.25) 


It  may  be  seen  from  (4.25)  that  macroscopic  (i.e.  averaged  over  a  volume 
which  is  large  in  comparison  with  the  unit  cell)  field  in  the  crystal  in 
the  case  under  consideration  is  simply  equal  to  the  field  Eq. 

Considerations  given  above  bear  first  of  all  an  illustrative  char¬ 
acter.  Ewald  transform  [25,  26 j  which  gives  a  systematic  basis  for  the 
examination  of  the  internal  and  macroscopic  field  in  an  arbitrary  dipole 
lattice  should  be  made  use  of  in  more  complex  cases. 


2.  Macroscopic  Field  in  Dipole  Lattice 
and  Ewald  Method 


We  will  examine  the  dipoles 


MM- 


(4.26) 


located  at  the  points  of  Bruvais  lattice  (x(M=hja|  +  h2a2  +  hja-j  where 
2^,  32  and  a^  are  base  vectors).  If  qa^l,  where  "a"  is  lattice  constant, 
then  such  a  Bravai.5  lattice  may  be  approximately  examined  as  a  continuous 
polarized  medium  with  macroscopic  polarization: 


p(*>— -|r  *'**■ 


(4. 27a) 


(Here  *•  is  the  volume  of  unit  cell).  Correspondingly,  it  is  possible  to 
de  ermine  the  macroscop/c  (i.e.  changing  little  at  distances  ccmparable 
wi.h  "a")  electric  fielo  E  with  the  3id  of  electrostatics  equation: 


(4.27b) 


Only  the  irrotational  component  P  (x)  makes  a  contribution  in 
(4.27a).  It  is  easy  to  ascertain  that  this  component  is  parallel  to 
q.  Therefore,  on  the  basi3  of  (4.27b)  we  have: 

<*> 


(4.28) 
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Taking  (4.26)  into  account  we  find  from  (4.28): 


B  (x)  - 


<*  /<A  qp 
U  \lJ  ? 


(4. 2  J) 


The  relationship  of  macroscopic  electric  field  to  the  direction 
q->0  has  the  same  physical  sense  as  the  depolarizing  factor  M  in  the  calcu¬ 
lation  of  internal  field  by  Lorentz  method:  it  takes  account  of  the  de¬ 
pendence  of  depolarizing  field  on  the  shape  of  the  specimen. 

Effective  field  F  naturally  differs  from  the  macroscopic  field  E. 
An  exact  expression  for  the  field  F(x)  has  the  form: 

_  v*  '■0  *<«*(•>) 

f*(*) “  2tPi  ox.ci*  2i  |  x 'h>  —  X !  •  (4.30) 

i  1 1 

Using  Ewald  transform  it  is  possible  to  reduce  the  expression  for 
F(x)  to  the  sum  ^(x)  and  to  the  rapidly  converging  series  not  dependent 
on  the  direction  o-40,  i.e.  Ewald  method  makes  it  possible  to  separate  a 
macroscopic  field  from  a  Coultxnb  field  and  ensures  rapid  convergence  of 
lattice  sum,*.. 


Follcwing  Ewald,  we  will  make  use  of  the  integral  relationship: 


2_ 

»« 


(4.31) 


Making  use  of  (4.31),  (4.30)  may  be  written  in  the  following  form: 

03 

2Pc3^5*i  $  2*X|'{  “|x(b)~  |x  (h)  —  X|>| (4.32) 

It  is  easy  to  verify  that  the  expression  in  braces  is  a  function 
x  with  the  periodicity  of  the  lattice.  Consequently,  it  may  be  repre¬ 
sented  in  the  form  of  an  expansion  into  Fourier  series  whose  coefficients 
’.:'il  be  equal  to  [2/]: 


jn*  = 

=with  respect 
to  the  ceil] 


*  -7-2  1  {-L.-i-Mr-wnt.-}*,.. 

It  l>0  MiM  '  * 

-h 


(4.33) 


[The  summing  in  (4.33)  is  done  over  all  vectors  of  reciprocal  lattice]. 

The  sum  in  (*.33)  is  equivalent  to  integration  by  space  with  the 
computation  of  the  integral  giving 


(4.34) 


Thus,  the  sum  within  the  braces  of  the  expression  (4.32)  may  be 
written  in  the  following  form:  ,  _ | * ch>_, j ^ 2* (*>«**"*“— ' 

*  I 

2*  V1  I  -i3i^  **!)« 
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The  equality  (4.35)  is  calleo  theta-function  transform.  The  se¬ 
ries  in  both  members  of  (4.35)  converge  with  large  and  small  values  of  p 
respectively.  If  the  integral  in  (4.',5)  is  divided  into  two  ''arts  and 
both  expressions  are  made  use  of,  then  by  a  successful  selection  of  the 
partition  parameter  it  is  possible  to  achieve  a  rapid  convergence  of  the 
series.  With  q-#0,  effective  field  (the  calculation  of  which  is  especially 
imperative  for  ferroelectrics)  calculated  with  the  aid  of  Ewald  method 
has  the  following  fora: 


F,“  2  +  7  2  f1'*0*- 


(4.36) 


This  result  is  easily  generalized  for  the  case  of  a  complex  lat¬ 
tice.  We  will  number  different  atoms  of  the  base  with  the  symbols  (*.v. 
Then  we  have: 

(4.37) 


-  v- 2  fiF  2  t  2  F“,>1  • 


a  i 

Here  p^  and  are  structural  coefficients  of  internal 

Lorentr  field,  calculated  in  Ewald  method  by  the  following  formula: 

(«**;>- 

(4.38) 

~  7F4T  2  ** <kl  *»  <h> C  (-l±JJ1)  txp  fq  (A)  {»►  _  *«). 

Here  x*  and  xv  are  vectors  connecting  the  origin  of  coordinates 
with  the  atoms  p  and  V  of  the  zero  unit  ceil,  x^v  is  a  vector  drawn 
from  the  point  corresponding  to  atom  pot  the  zero  unit  cell  to  the  point 
corresponding  to  atom  v  of  the  cell  with  the  number  h,  and  R  is  parti¬ 
tion  parameter  of  the  series. 

In  addition  to  this,  the  following  notations  have  been  introduced: 


ff.,- 


**!**» 


Hi,  l«l). 


where 


T  ■ 


A  program  for  the  calculation  of  Lorentz  coefficients  [28  J  on  the 
electronic  computer  BESM-2  using  formula  (4,38)  has  been  drawn  up  at  the 
FTI  [Physical  Engineering  Institute]  imeni  A.  F.  Ioffe.  The  program  pro¬ 
vides  a  quick  and  accurate  (with  accuracy  to  the  sixth  decimal  point)  cal¬ 
culation  of  the  coefficients  for  crystals  of  any  structure. 

In  numerical  calculations  by  Ewald  method  without  the  employment  of 
electronic  computers  it  is  convenient  to  uso  tables  of  special  functions 
given  in  the  work  [29 j.  These  tables,  used  in  the  calculations  of  Lorentz 
coefficients  for  the  ferroelectrics  KH21’0a  [30, 3l]  and  NaN."^  [32,  33  ]  con¬ 
siderably  reduce  the  labor  consumption  of  numerical  calculations. 
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3.  Effective  Fields  in  Complex 
Dipole  Structures 

In  the  preceding  subparagraph  we  examined  an  internal  field  acting 
in  a  dipole  lattice  and  considered  in  doing  so  chat  the  distribution  of 
dipoles  on  the  crystal  lattice  was  known  to  us.  However,  in  the  examina¬ 
tion  of  internal  fields  in  ferroelectrics  the  electron  polarizability  and 
effective  charges  of  ions  are  usually  considered  known.  But  the  dipole 
moments  are  determined  by  calculation.  With  such  a  method  (see,  for  ex¬ 
ample,  [34]  and  the  bibliography  given  in  this  work)  the  calculation  of 
internal  fields  is  carried  out  i r  the  following  manner. 


The  internal  field  F  is  written  in  the  following  ftrm: 


(4.39) 


where  F3  is  an  internal  field  created  by  the  point  charges  of  iors,  and 
Fg  is  an  internal  field  created  by  point  dipoles.  In  according  with  the 

foregoing,  the  internal  field  T**  acting  on  the  atom  is  equal  to: 


*T#«‘ 


(4.40) 


The  field  may  also  be  represented  it.  the  following  form: 


ft. 


(4.41) 


Here  are  structural  coefficients  of  the  internal  field, 

ik 

are  structural  sums  for  a  lattice  of  point  charges  which  can  also  be 
calculated  with  the  aid  of  Ewald  method  [3^],  and  is  effective  charge 

of  the  atom  -v.  The  depolarizing  field  was  omitted  in  (4.40).  As  may 
be  seen  from  the  subparagraph  1  of  the  preceding  paragraph,  this  imposes 
certain  restrictions  on  the  shape  of  the  crystal  or  its  external  condi¬ 
tions.  If  there  are  s  atoms  in  a  unit  ceil,  then  defining  the  polar¬ 
izability  of  the  atom  as  [34] 


ZJt. 

?: 


(4.42) 


we  will  obtain  a  system  of  3s  equations  for  the  calculation  of  3s  values 

H. 

■jr,  2  (*■*  V  i;  “  ttt)  rf  -  2  ***’- 

*•*  *  (4.43) 


of 


Here  and  are  Xronecker  symbols. 

We  will  note  that  in  writing  (4.43)  it  was  assumed  for  simplicity 
that  the  polarizability  c*  is  a  scalar  quantity,  but  it  is  not  difficult 

f*" 
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to  generalize  (4.43)  for  a  more  complex  case  also.  With  a  sufficiently 
large  number  s,  solution  of  the  system  (4.43)  may  prove  to  be  a  complex 
problem.  However,  as  shown  in  [34],  in  a  number  of  cases  this  problem 
can  be  simplified  if  the  synmetry  of  the  structure  is  taken  into  account. 

In  conclusion  we  will  list  some  of  the  works  devoted  to  calcula¬ 
tions  of  internal  fields  in  ferroeiectrics.  Effective  fields  in  crystals 
of  perovskite  structure  are  calculated  in  the  works  [35,  36].  The  work 
C 37 j  is  devoted  to  the  calculation  of  internal  fields  in  PbTi03.  Inter¬ 
nal  fields  acting  in  ferroelectric  and  antiferroolectric  crystals  of 
perovskite  type  ore  ccmparad  in  the  works  [38,  39].  The  work  [40]  gives 
a  comparison  of  theory  of  polarization  of  ionic  crystals  based  on  a 
representation  of  internal  field,  with  the  respective  theories  based  on 
dynamic  models.  A  more  detailed  bibliography  and  references  to  previous 
investigations  in  this  direction  may  be  found  in  the  works  listed  above. 


Par.  Model  Theories  for  Transitions  of  Order-Disorder  Type 

Representations  and  methods  set  forth  in  paragraphs  1  and  2  in 
these  or  other  modifications  were  used  to  explain  atomic  nature  of  phase 
transitions  observjd  in  some  crystals  of  the  perovskite  group  and  other 
crystals,  in  particular  in  hydrogen-containing  ferroeiectrics.  In  the 
1st  case  the  complexity  of  crystal  structure  and  interaction  forces  led 
to  the  necessity  of  a  number  of  refinements  of  the  initial  model,  for 
example,  taking  into  account  the  piezoelectric  effect  in  Seignette's  salt 
and  tunneling  of  active  ions  in  KH2PO4. 

A  model  of  local  minima,  i.e.  representation  of  potential  relief, 
along  which  an  ion  moves,  in  the  form  of  deep  "rectangular"  wells  was 
proposed  at  the  earliest  stage  of  development  of  microscopic  theory  of 
ferroelec tricity. 

In  spite  of  the  fart  that  after  a  sufficiently  long  discussion  a 
quite  definite  opinion  fo:mted  concerning  its  inapplicability  to  barium 
titanate,  this  model  has  u  wide  field  of  application  for  explaining  tran¬ 
sitions  of  the  order-disorder  type  and,  possibly,  seme  of  the  cases  of 
phase  transitions  of  the  first  kind  in  ferroeiectrics  with  a  structure  of 
perovskite  type. 


1.  Model  of  Local  Minima 


Suppose,  potential  energy  U  from  (4.8)  has  n  d’.ep  minima  removed 
to  a  distance  of  2s  from  each  other.  We  will  limit  ourselves  to  an  exami¬ 
nation  of  these  crystals  where  these  minima  are  located  in  pairs  on  these 
or  other  symmetry  axes.  The  position  of  a  minimum  is  characterized  by  the 
subscripts  j  and  k  where  j  is  the  number  of  displacement  axis  and 
k  —  the  number  of  minimum  on  this  axis  (j=.*..,  n/2,  and  k— 1 ,  2).  In 
the  absence  of  an  extemrl  field  and  with  a  uniform  statistics!  distribu¬ 
tion  of  active  ions  in  a  cell  U^=tl  ,,k,  and,  consequently,  the-  numbers  of 

ions  N  ssH  with  ary  values  of  the  subscripts.  For  convenience  we  will 

ik  j  K 
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use  a  Uj^=€j »ic,!=^*  Assuming  that  only  ions  of  one  kind  can  be  displaced 

and  making  use  of  (4.9)  and  (4.10)  we  will  obtain  the  following  expression 
for  free  energy: 


.x«(r)-/v*rin  2«p(^)  +  «*p(-sj^|-  (4.43a) 

Ml 


If  all  axes  j  are  orthogonal  (the  case  of  nonorthogonal  axes  was 
examined  in  [4l]),  then  after  the  differentiation  of  the  equation 

of  state  (4.12)  will  be  written  in  the  following  form:  ^ 


2^ 


(4.44) 


In  the  absence  of  an  external  field  it  is  convenient  to  write  the 
equation  of  state  (4.44)  in  the  following  form: 


where  y\ 


.  ly 

J 


(4.45) 


and  for  the  case  when  there  is  only  one  axis  j» 


has  the  sense  of  the  order  factor 

^N(zs)2 
3j  *  kT 

where  is  che  coefficient  of  internal  field  from  (4.3).  Ihe  equation 

(4,45)  corresponds  to  the  equation  (4.12)  normalized  for  the  maximum  dipole 
polarization  (Psg)max=Nsz' .  Formulas  from  the  theory  suggested  by  Mason 

and  Mattias  for  BaTiOo  are  also  reduced  to  this  equation  if  certain  inac¬ 
curacies  permitted  in  [lj  are  eliminated.  It  is  assumed  in  Tl]  that  minima 
are  situated  on  the  principal  axes  of  cubic  cell  between  the  Ti^  and  02-" 
ions  (j=l,  2,  3)  and  that  owing  to  a  small  radius  and  large  space  inside 
the  oxygen  octahedron  the  Ti  ions  can  be  displaced  (Figure  4.3). 

With  account  taken  of  stability  conditions  (4.15),  for  the  case 
shown  in  Figure  4.3  the  system  of  equations  (4.45)  has  nonzero  solutions 
^  ^N(zs)2 

when  a^3,  i.e.  0  =  ^ —  * 

We  will  compare  the  results  following  from  the  application  of  the 
model  of  local  minima  to  BaTiCj,  with  the  main  experimental  data. 

We  will  examine  different  possible  solutions  of  the  system  (4.45). 
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I 


The  region  of  cubic  symmetry: 


(4.46) 


II.  The  region  of  tetragonal  symmetry: 


•11*0;  ’h-’b-O: 

_ _ _o 

•'  z+ch^i],  ■ 


III.  The  region  of  orthorhombic  symmetry: 

Ta>-".  .1 
>liaT.i  .  } 

T‘*  1  f  2  Cll  tfT(I  ■  J 

IV.  The  region  of  rhombohedral  symmetry: 


(4.47) 


(4.48) 


(4.49) 


On  the  basis  of  (4.46)-(4.49)  and  (4.15)  it  may  be  stated  that 
tetragonal  phase  proves  to  be  stable  in  a  temperature  range  of  from  0° 
to  0.  The  orthorhombic  and  rhombohedral  phases  prove  to  be  unstable 
in  the  temperature  range  with  which  we  are  concerned  from  the  stand¬ 
point  of  the  experiment.  In  addition  to  this,  the  following  has  to  be 
noted.  If  the  regions  of  fulfillment  of  conditions  for  the  stability  of 
solutions  for  the  orthorhombic  and  rhombohedral  phases  would  correspond 
to  experimental  data,  there  would  nevertheless  exist  a  considerable 
contradiction  between  the  theory  under  consideration  and  the  experiment. 

According  to  calculations,  below  transition  point  and  in  direct 
proximity  to  it  A/cor.st=^  and  'VI;  =cor.st=  However,  measure¬ 

ments  show  that  spontaneous  polarisation  along  the  axis  decreases  by  V~2 
nines  after  the  emergence  from  the  tetragonal  into  orthorhombic  phase 
[42].  This  experimental  fact  indicates  that  a  turning  of  ionic  displace¬ 
ment  axis  by  45c  takes  place  with  the  average  magnitude  of  the  displace¬ 
ment  of  ions  remaining  constant,  and  not  a  redistribution  of  ions  in  po¬ 
tential  wells  in  two  mutually  perpendicular  directions  the  way  this  fol¬ 
lows  from  the  examination  of  the  model  theory  in  question.  In  precisely 

the  same  way  the  experimental  value  of  indicates  a  turning  of 

ionic  displaceraant  axis,  along  the  volume  diagonal  of  the  cube  without  a 
change  in  the  magnitude  of  displacement,  and  not  a  redistribution  of  the 
displacements  of  ions  in  three  mutually  perpendicular  directions. 

Thus,  as  a  result  of  examination  of  low-temperature  phase  transi¬ 
tions  a  conclusion  has  to  be  drawn  concerning  the  inconsistency  of  the 
application  of  a  model  of  local  minima  in  the  entire  temperature  range 
to  explain  the  properties  of  barium  titanate. 
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Figure  4.3.  Unit  ce1!  of  BaTiOj. 

1  —  Ba;  2  —  Ti;  3  —  0;  4  — 
local  minima 


Wc  will  determine  now  with  the  aid  ol'  (4.4,  4.43,  4.45)  an  expres¬ 
sion  for  free  energy  A  (vj,T)  for  a  tetragonal  region  in  the  form  of  an 
expansion  with  respect  to  Ps: 


a  ( p .  rj 


A»V)  + 


T—i 


3ft -to>(*r)» 


(4.50) 


Comparing  with  (3.12),  we  see  that 


NO: 


OHkT)*  • 


and,  consequently,  a  model  with  local  minima  situated  in  pairs  on  three 
mutually  perpendicular  axes  leads  to  a  phase  transition  of  &-type  (crit 
ical  Curie  point). 


Making  use  of  (4.50),  we  will  obtain  the  following  relationships 
characteristic  of  critical  Curie  point: 


*r>l 


(4.51) 

(4.52) 

(4.53) 


Upon  a  substitution  of  numerical  values,  Curie  constant  in  (4.53) 
proves  to  be  lower  than  the  experimental  value  by  more  than  one  order. 

It  is  necessary  to  undericore  that  attempts  at  this  or  other  improvement 
of  agreement  of  theoretical  results  with  experimental  results  encounter 
the  following  difficult’/  in  the  case  of  the  model  of  local  minima. 


According  to  the  definition  the  magnitude  of  entropy  jump  in  a 


transition  will  amount  to: 


4iaiV»(la»Kr;.4-Intt'r<,),  (4.54) 

where  W  is  thermodynamic  probability 

ts  —  ff*  (tn  6  —  to  1)  «.  <•  79  */V, 


whereas  the  experimental  value  of  ,<AS~(0.02  to  0.1)  kH  fsee  chapter  12, 
paragraph  1).  Such  a  wide  divergence  makes  the  attempts  at  ’’adjusting" 
the  model  of  local  minima  for  describing  BaTiO^  by  means  of  correction  and 
refinement  of  its  separate  components  impractical. 


We  will  note  one  important  feature  of  this  model.  If  it  is  assumed 
that  there  is  only  one  axis  j,  i.e.  active  ions  may  be  only  in  two  wells, 
then  the  self-adjoint  equation  (4.45)  has  the  followir^  form: 


1  —  th  #ji|  ■■  0. 


(4.55) 


whence  '\=)4=0  when 
2 

in  terms  of  Pg  as 


and,  consequently,  free  energy  will  be  expressed 


i.e. 


/-I 


ft# (»;«>)♦ 


(c*.  3. 12). 


In  other  words,  in  this  case  the  order-disorder  transition  contains 
characteristic  signs  of  a  phase  transition  of  the  second  kind.  However, 
the  change  in  entropy  is  also  big  in  this  case: 

iS  —  ff*ln2— +  0.  69Nk. 

The  large  value  of  As  is  accounted  for  by  the  fact  that  coor¬ 
dinate  space  of  active  ions  has  a  discrete  character  determined  by  the 
model  selected.  If  it  is  assumed  that  active  ions  occupy  both  above  and 
considerably  below  the  transition  point  a  large  portion  of  the  "phaseal 
space"  of  the  cell,  i.e.  the  potential  relief  is  less  sharp,  then  the 
change  i\  entropy  should  materially  decrease. 

The  fact  that  the  depth  of  the  minima  cann.'t  be  too  great  is  indi¬ 
cated  by  the  contradiction  which  arises  upon  a  comparison  of  Curie  constants 
and  of  the  quantity  characterizing  the  change  in  spontaneous  polarization 
at  low  temperatures  in  the  case  of  applying  theory  tc  BaTiOj.  It  is  natu¬ 
ral  that  assumption  concerning  sloping  wells  requires  a  passing-on  from 
(4.9)  to  continuous  integration  when  calculating  free  energy,  i.e.  to  for¬ 
mula  (4.10). 
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2.  Potential  Relief  for  Ions  in  Bc-TiOj  Crystals 


Selection  of  the  shape  of  potential  relief  for  Ti  ions  in  [l]  was 
based  to  a  considerable  degree  on  the  assumption  that  the  bonds  between 
BaTiOj  ions  have  to  a  high  degree  a  covalent  character.  In  addition  to 
this,  naturally,  the  overlapping  of  electron  shells  must  not  be  too  big 
so  that  ion  charge?  would  not  be  very  small  since  otherwise  it  does  net 
appear  possible  to  explain  the  large  value  of  spontaneous  polarization 
in  BaTiOj.  Therefore,  it  is  obvious  that  the  bonds  in  this  crystal  must 
have  nevertheless  a  sufficientlv  well  marked  ionic  character. 


Because  of  the  foregoing,  a  question  arises:  what  may  the  shape  of 
potential  relief  be  like  for  different  ions  and,  in  particular,  is  the 
assumption  concerning  covalent  character  of  the  bonds  absolutely  necessary 
for  using  local  minima  in  the  model? 

Works  by  Hagedorn  [43],  Devonshire  [4],  Syrkin  [44]  and  by  other 
authors  were  devoted  to  the  calculation  of  potential  energy  of  ions  of  a 
unit  cell.  In  carrying  cut  the  calculations  the  authors  of  [4,  4*J  pro-' 
ceeded  from  Born  treatment  of  the  forces  acting  between  ions  in  the  crys¬ 
tals,  i.e.  they  wrote  the  expression  for  potential  energy  of  the  ions  in 
the  following  form: 


v  (*.  r.  *) 


J)  «*  2  ^  (r<‘)  “  i1* 


(4.56) 


All  ions  in  this  formula  are  assumed  to  be  unpolarizable  ai.J  the 
subscripts  i  and  k  indicate  respectively  the  number  of  the  ion  in  the 
sublattice  and  the  number  of  the  sublattice.  According  to  [44],  in 
taking  polarizability  intoaccount-  additional  energy  Up  of  an  ior  having 
the  polarizability  ct  ^  with  a  srca  1 1  displacement  is  introduced  into  the 
formula  (4.56),  i.e.  Up=  -*>«qE^(x,  y>  z)  where  Eq(x,  y,  z)  is  the  field 
acting  on  the  displaced  ion. 

In  [4]  it  is  assumed  that  the  ion  is  in  a  spherically  symmetric 
field.  In  [44]  the  formulas  are  determined  more  precisely  with  anisot¬ 
ropy  taken  into  account. 

As  a  result  of  calculations  it  was  found  that  the  only  stable  posi- 
24*  44. 

tion  for  Ba  and  Ti  ions  (in  the  absence  of  effective  field  brought 
about  by  spontaneous  polarization)  is  the  center  of  a  cubic  cell.  In 

44.  24- 

other  words,  for  the  Ti  and  Ba  ions  there  a  no  potential  minima 

displaced  relative  to  the  center  of  the  cell.  In  doing  so,  anharmoni- 

24"  44- 

calness  for  the  Ba  ions  is  less  marked  than  for  the  Ti  ions,  i.e. 

7+ 

the  position  of  the  Ba"  ions  is  the  most  stable.  It  was  also  found 

2- 

that  the  deviation  of  the  field  acting  on  the  0  ions  being  displaced, 
from  the  spherical  symmetry  is  marked  considerably  more  strongly.  The 
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2- 

pctential  energy  of  0  has  two  minima  of  Uq^O.  5  eiectxon-volts  situated 

/|-|  Q 

on  a  line  connecting  it  with  two  Ti  ions  at  a  distance  of  0.33  A  from 

2  ** 

the  normal  undisplaced  position  of  the  0  ion.  We  will  note  that  accord¬ 
ing  to  experimental  data  the  displacement  of  ions  amounts  to  $  . /'v*0j06  A; 

Ti^ 

Sn2-'w'0.1?.  A;  2+  ~0.00 
O  Ba 

The  results  obtained  in  [44]  indicate  that  the  minima  of  U},(x,  y»  z) 

displaced  from  the  center  of  the  cell  may  appear  also  in  purely  ionic 
crystals.  Of  course,  it  should  be  remembered  that  taking  the  short-range 
covalent  forces  into  account  may  materially  affect  the  resists  of 
these  calculations  and,  in  particular,  it  may  be  found  that  the  potential 
44- 

energy  of  Ti  ions  also  has  minima.  It  should  be  noted  that  Hagedorn's 
calculations  carried  out  on  the  basis  of  using  Madelung  method  lead  to  sim- 

2- 

ilar  conclusions  regarding  che  potential  energy  of  0  .  However,  the  use 

of  results  contained  in  [43]  leads  to  a  big  divergence  of  the  magnitudes 
of  the  calculated  and  experimental  polarizations  at.  low  temperatures.  The 
author  of  [43]  attempts  to  decrease  the  value  of  theoretical  polarization 
by  introducing  decreased  effect! -.e  charges  and  polarizability  into  calcula¬ 
tions.  In  other  words,  it  is  assumed  that  the  crystal  is  not  a  purely 
ionic  crystal.  In  this  case  it  is  possible  to  achieve  agreement  wit’’ 
experimental  data.  However,  in  doing  so,  the  values  of  the  charges  prove 
to  be  very  small  and  the  contribution  made  by  the  displacement  of  ions 
into  total  polarization  amounts  to  about  6  percent. 

Abandonment  of  a  static  model  and  taking  the  oscillations  of  ions 
into  account  would  have  made  it  possible  to  introduce  more  accuracy  into 
the  calculations  of  potential  energy. 

Coming  back  to  the  question  of  applicability  of  the  model  of  loc^l 
minima  to  barium  titanate  we  will  note  that  although  the  use  of  active  0 
ions  within  the  framework  of  the  Mason  and  Mattias  theory  would  have  led 
to  a  certain  improvement  of  it,  it  would  leave  valid  a  large  portion  of 
divergences  between  the  results  of  theory  and  experiment.  A  model  of 
antiharmonic  oscillators  leading  to  transitions  of  displacement  type  (see 
paragraph  4)  proves  to  be  more  proper  for  BaTi03.  However,  the  use  of  a 
model  of  intermediate  type  with  oxygens  as  the  active  ions  moving  between 
two  sloping  and  shallow  potential  wells  is  not  precluded  for  the  other 
ferroelectrics  having  a  structure  of  perovskite  type. 

A  model  in  which  active  ions  have  two  stable  equilibrium  positions 
along  some  of  selective  directions  of  displacement  is  used  to  explain  the 
properties  cf  some  hydrogen-containing  ferroelectrics  (see  below).  How¬ 
ever,  in  this  case  also  physical  representations  and  methods  of  theoret¬ 
ical  investigation  greatly  differ  from  [ij.  We  raesn,  in  particular, 
taking  account  of  correlation,  taking  account  of  tunneling  through  the 
potential  barrier  between  the  minima,  failure  to  use  a  self-consistent 
field,  etc. 


3.  Phase  Transitions  of  Order-Disorder  Type 
in  Hydrogen-Containing  Ferroolectrics 

In  a  whole  series  of  hydrogen-containing  ferroelectrics  a  typical 
example  of  which  may  be  provided  by  KH2P04,  ferroelectric  transition  is 
connected  with  the  ordering  of  protons.  In  this  case,  proton  has  two 
possible  equilibrium  positions  on  the  hydrogen  bond  with  its  presence 
in  each  one  of  these  equilibrium  positions  bringing  about  the  appearance 
of  dipole  moment.  If  the  protons  are  ordered,  then  tha  dipole  moments 
corresponding  to  them  are  combined  and  tha  crystals  have  spontaneous 
polarization.  Upon  a  change  in  temperature,  protons  on  the  bonds  become 
disordered  and  spontaneous  polarization  disappears. 

Tha  circumstance  that,  a  ferroelectric  transition  in  KH2?0&  is 
accompanied  by  a  disordering  of  protons  with  a  rise  of  temperature  is 
confirmed  by  neutron-diffraction  [45]  and  x-ray  data  [46],  by  a  high 
isotopic  effect  for  Curie  temperature  upon  replacement  of  hydrogen  with 
deuterium,  ar.d  by  the  measurements  of  relaxation  time  of  deuterons  [47], 

Theory  of  phase  transition  in  KH2PQ4  *s  Illuminated  in  two  detailed 
surveys  [ll,  4?].  Therefore,  we  will  dwell  here  only  on  the  basic  prem¬ 
ises  and  results  of  the  theory. 

The  f: rst  theory  which  described  comparatively  successfully  the 
phase  transition  in  KH2PO4  was  Slater  theory  [3].  Slater  assumed  that 
each  proton  has  two  symmetrical  positions  on  the  hydrogen  bond  and  that 
there  is  only  one  proton  for  each  hydrogen  bonu,  and  that  only  two  hydro¬ 
gen  atoms  may  be  near  each  PO4  group.  Only  the  snort-range  interactions 
between  protons  were  taken  into  account  in  Slater's  calculations  which 
were  later  improved  by  Takagi  [49],  Slater  theory  predicts  phase  transi¬ 
tion  at  a  temperature 

«  ,*"TET  •  (4.57) 

where  I  is  Che  difference  of  dipole  energies  oriented  along  and  rerpen- 
diculariy  to  the  tetragonal  axis.  Modified  by  Yomosa  and  Nojamiga  l_50] 
Slater  theory,  which  takes  piezoelectric  effect  into  account,  predicts 
anomaly  of  elastic  properties  agreeing  qualitatively  with  the  experiment, 
and  the  magnitude  of  spontaneous  deformation  of  the  crystal  which  coin* 
cides  axactly  with  the  experiment.  However,  Slater  theory  cannot  explain 
a  high  isotopic  effect  •—  a  nearly  twofold  rise  of  Curia  temperature  upon 
replacement  of  hydrogen  with  deutetium.  An  attempt  to  examine  long-range 
forces  in  Slater's  model  was  made  in  the  work  [5l].  Theory  in  [5l]  sat¬ 
isfactorily  describes  most  of  the  experimental  data  with  two  exceptions! 
it  also  predicts  too  large  an  entropy  of  transition  (see  subparagraph  1  of 
this  paragraph)  and  does  not  give  a  clear  explanation  of  isotopic  effect. 

The  last  circumstance  is  explained  by  the  fact  that  it  does  not 
take  account  of  quantum  phenomena  (the  tunneling  of  protons)  the  irapor- 
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tance  of  which  was  pointed  out  by  Blinc  [52]  and  which  may  satisfactorily 
explain  the  isotopic  effect.  Blinc  and  Svetina  [lO]  suggested  a  new  ver¬ 
sion  of  the  theory  based  on  the  method  of  group  decompositions.  Both  the 
short-range  and  long-range  forces,  and  quantum  effects  are  taken  into 
account  in  their  calculations.  Blinc  and  Svetina  theory  explains  the 
isotopic  effect  and  predicts  correct  value  of  entropy  of  transition,  in 
the  classical  extreme  it  is  reduced  to  the  work  model  [5l]. 

In  196?.,  de  Gennes  [53]  introduced  for  the  description  of  transi¬ 
tion  in  KH"F04  the  so-called  isospin  method  which  was  used  in  the  works  [54, 
5:>,  56  j  for  the  study  of  collective  excitations  of  protons  (see  in  [ll] 
a  (.exiled  review  of  results  obtained  in  [54-55]). 

In  the  investigation  of  elementary  excitations  the  Hamiltonian  of 
the  system  is  written  in  the  following  form: 


B-D,+Bt+Bft.  (4.58) 

Here  Hp  is  the  Hamiltonian  of  proton  subsystem  in  the  lattice 
whose  motion  is  fixed,  is  the  Hamiltonian  of  lattice  vibrations  with 
the  protons  at  rest,  the  term  HpL  describes  the  interaction  of  the  proton 
and  lattice  subsystems. 


Following  de  Gennes  [53],  introduction  of  "isospin"  is  usually 
made  use  of  in  writing  the  Hp.  In  doing  so,  each  proton  is  assigned  a 
fictitious  spin  equal  to  if  the  proton  is  in  one  of  the  two  equilib¬ 
rium  positions,  and  to  (-^)  if  it  is  in  the  other  equilibrium  position. 
In  this  case  the  Hamiltonian  Hp  (see  [ll])  has  the  following  form: 


-B, - 2r  V  ±  s%  +  2 £  + 

/elu.) 


(4.59) 


+  +  t/j  (S')  +  IM-S'). 


Here  P  is  proton  tunneling  frequency  [ll],  the  second  term  de¬ 
scribes  the  tunneling  of  one  proton  at  the  tunneling  frequency  of  the 
other,  the  following  terms  describe  respectively  the  two-,  three-  and 
four-parr,  interactions,  the  subscripts  f  and  g  number  the  lattice  points, 
the  subscripts  Ot,  and  number  the  protons  at  the  poinc,  the  operators 

Sc  and  are  described  by  Pauli  matrices: 

r  , a 


s * 


(4.60) 


and  act  on  the  eigenfunctions: 
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If  tbe  Interaction  of  protons  with  the  lattice,  and  the  terms  of 
the  third  (U3)  and  of  the  fourth  (U4)  order  in  (4.59)  are  neglected,  then 
the  Hamiltonian  Hp  will  acquire  a  comparatively  simple  forms 


• B’  “ 2r!  i  s% + 2  jj 


f 4.61) 


In  the  approximation  of  molecular  field  (4.61  may  be  rewritten  in 
the  following  form: 


where 


-  4', 2-SJa  +  *.£2  S%‘ 


hm-z 

B,-2/<s;^: 


(4.62) 


<SZ>  indicates  thermal  average  Sz. 

An  examination  of  the  Hamiltonian  (4.62)  makes  it  possible  to  find 
the  frequencies  of  quantitative  "quasi-spin"  proton  modes  and  determine 
(in  the  approximation  of  chaotic  phases)  their  temperature  dependence. 

The  main  result  of  such  an  examination  amounts  to  that  one  of  the  frequen¬ 
cies  of  protcn  modes  in  KH2PO4  near  Curie  point  changes  with  temperature 
In  accordance  with  the  following  law: 

-»)  +  «?>.  (4.63) 

i.e.  with  T  -  0  when  q-»*0.  Thus,  the  behavior  of  this  quasi-spin 

mode  is  similar  to  the  behavior  near  Curie  point  of  ferroelectric  lattice 
vibration  (soft  mode)  in  ferroelectrics  of  displacement  type. 

Taking  into  account  the  interaction  of  proton  subsystem  with  lattice 
vibrations,  the  importance  of  which  was  first  pointed  out  by  Blinc  [’>7], 
changes  the  results  set  forth  above  in  the  following  manner  [58].  One  of 
proton  modes  is  highly  "interlaced"  with  the  frequency  of  optical  lattice 
vibrations,  and  the  frequency  of  one  of  the  two  bound  proton-lattice  modes 
vanishes  at  the  transition  point  (see  in  more  detail  in  subparagraph  3, 
paragraph  4,  chapter  5). 

Another  new  interesting  result  in  theory  of  phase  transition  in 
KH2PO4  is  an  exact  solution  recently  found  by  a  group  of  authors  [ 12-16 j 
for  a  two-dimensional  SlaTer  model.  Tn  this  case,  phase  transition  proves 
to  be  of  the  first  kind  with  a  release  of  latent  heat.  As  in  Slater  theory, 
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Curie,  temperature  is  equal  to 


0  = 


k  In  2 


Thermal  capacity  proves  to  be  above  and  near  $  Cp^(T  -  Q) 
unlike  Slater  model  in  which  thermal  capacity  at  T=0  remains  finite. 
Dielectric  constant  is  governed  by  Curie-Weiss  law. 

4.  Islr.g  Model 

Different  model  theories  connected  with  the  use  of  a  self-consistent 
field,  as  well  as  Landau  phenomenological  theory'  of  phase  transions,  are 
applicable  only  ir.  the  case  if  fluctuations  do  not  play  a  determinant  role, 
i.e.  if  the  radius  of  their  correlation  is  small  in  comparison  with  the 
radius  of  interaction  characteristic  of  the  system  in  which  phase  transi¬ 
tion  takes  place. 

As  shown  in  subparagraph  3,  paragraph  1,  chapter  3,  this  region  is 
small  for  ferroelectric  transitions  (it  amounts  to  fractions  of  a  degree). 
Hcwever,  the  behavior  of  physical  quantities  in  direct  proximity  to  Curie 
point  is  of  a  special  interest. 

In  the  region  where  fluctuations  are  substantial  it  was  possible  to 
create  microscopic  theory  of  phase  transitions  only  for  a  two-dimensional 
Ising  model.  By  Ising  model  is  meant  a  lattice  of  diooles  each  one  of  which 
occupies  only  two  positions  and  interacts  only  with  the  nearest  neighbors. 

In  a  two-dimensional  lattice  each  dipole  interacts  with  four  neighbors  so 
that  the  energies  of  the  parallel  and  antiparallel  dipoles  are  dissimilar 
(we  will  indicate  their  difference  by  £).  Statistical  sum  for  such  a 
lattice  can  be  calculated  exactly  (see  [56]),  and  free  energy  related  to 
one  dipole  proves  to  be  equal  to: 


4(r)«—  -j-taZ-r-jjr j  »1» -5^-  + 

•  * 


The  function  A  (T)  has  a  singularity  at  a  temperature  Q, 
mined  from  the  following  condition: 


‘•‘‘IT 


—  J. 


(A. 64) 


detcr- 


(A.65) 


With  T<  0  the  lattice  is  in  an  ordered  state,  with  T>0  it  is 
in  a  disordered  state,  and  with  T=@  a  phase  transition  of  the  second  kind 
takes  place.  Free  energy  near  the  transition  point  has  the  following 
form: 

1  iA.66) 


where  a  and  b  are  constants  (with  b  >0)  and  thus,  thermal  capacity  at 
the  transition  point  becomes  infinite  in  accordance  with  the  following  law: 
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(*.67) 


If  a  phase  transition  in  Ising  model  is  approached  from  the  stand¬ 
point  of  Landau  theory,  the  role  of_order  parameter  will  be  played  by  the 
average  dipole  moment  at  the  point  P  (’’spontaneous  polarization"  of  the 
lattice).  With  the  approach  to  the  transition  point  P  vanishes  as 


P~~(7~ 


(4.68) 


Finally,  t^e  correlation  function  f(r^  j.;  r.,^,)  moments 

at  the  lattice  points  with  the  coordinates  r^  and  ritk,  has  a  singu¬ 
larity  at  a  T =6  .  For  T^0  the  correlation  function  decreases  exponen¬ 
tially  from  ri}(  -  r^,.  With  a  T=0  the  correlation  proves  to  be  very 
strong  and  f  decreases  slowly: 


[compare  with  formula  (3.30)]. 


Table  7 


Behavior  of  Physical  Quantities  Describing 
Phase  Transition  With  T-*Q  for  a  Two-Dimen¬ 
sional  Ising  Model  [60j 
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Key:  (1)  Physical  Quantity  (5)  Coherent  length 

(?)  Spontaneous  polarization  (6)  Electric  field  E 

Ps  (7)  Eenavior  of  the  quantity 

(3)  Dielectric  constant  (8)  Value  of  critical  indices 

(4)  Correlation  function 


Physical  quantities  describing  phase  :ransitions  in  Ising  model  are 
systematized  in  Table  7  where  all  "critical'*  indices  (see  paragraph  ), 
chapter  3)  describing  their  behavior  when  T-»  Q  are  given.  With  the  aid 
of  Table  7  it  is  possible  to  verify  that  (as  already  noted  in  subparagraph 
3,  paragraph  1,  chapter  3)  similarity  relationships  raikir.^  i-  possible 
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to  express  critical  indices  in  terms  of  two  fundamental  quantities  are 
satisfies  for  a  two-di nensional  Ising  model* 

It  is  of  inteie.st  to  compare  Table  7  with  Table  6  (see  chapter  3) 
in  which  similtr  results  obtained  with  the  aid  of  Landau  theory  are  given. 
This  comparison  indicates  the  considerable  difference  in  the  results  ob¬ 
tained  on  the  basis  of  Ising  model  and  phenomenological  theory,  and  thus 
underscores  t^^  advantage  of  investigating  the  microscopic  models. 

Unfortunately,  an  analytical  solution  has  not  as  yet  been  found  for 
a  three-dimensional  Ising  model.  However,  there  are  numerical  computerized 
calculations  [6 1 1  the  main  results  of  which  are  reduced  to  the  following. 
With  the  approach  to  the  transition  point  from  the  side  of  high  tempera¬ 
tures,,  thermal  capacity  diverges  as  a^I  -  0)°'S  and  with  the  approach 
from  the  side  of  low  temperatures  it  diverges  logarithmically  as  ln(6  » 

r./|£ 

-  T).  In  this  process,  spontaneous  polarization  Ps  <e-T)J/iD  and 
dielectric  constant  behaves  as  (T)  ^ 

Results  of  numerical  calculations  for  a  three-dimensional  model  are 
of  interest  in  connection  with  the  results  in  the  work  [62]  in  which  it  is 
shown  that  with  a  certain  relationship  of  lattice  constants  the  character¬ 
istics  cf  thermodynamic  quantities  in  phase  transitions  of  the  second  kind 
in  crystals  must  have  the  same  form  with  a  change  in  symmetry  as  in  a 
three-dimensional  Ising  model,  lhe  available  experimental  data  for  ferro- 
alectncs  qualitatively  agree  with  this  conclusion  (see  chapters  8  and  12) 
in  the  sense  that  .hen  thermal  capacity  exhibits  a  A-peak.  the  shape  of 
the  curve  on  the  side  of  ferroelectric  phase  is  staeper.  A  more  detailed 
comparison  with  the  experiment  has  not  as  yet  been  made.  The  work  [62] 

-Iso  examines  the  effect  of  the  oscillations  of  atoms  and  quantum  effects 
and  it  has  been  found  that  taking  the  oscillations  of  the  atoms  into  account 
leaJs  to  a  necessity  of  adding  terms  describing  the  interaction  between 
non-nearest  neighbors  ana  also  the  multi-part  interactions,  and  quantum 
effects  lead  to  the  appearance  of  a  transverse  field. 

It  is  shown  in  [62 j  that  this  field  may  be  responsible  for  the  iso¬ 
topic  displacement  of  transition  point,  which  occurs,  for  example,  in  the 
ferroelectrics  KH0PO4  and  KD2PO4.  (A  similar  result  was  also  obtained  in 
the  works  [10,  63 ^).  Apparently  these  effects  do  not  change  the  character 
of  chariccorist ics  near  the  transition  point. 

A  qualitative  argument  in  favor  of  the  last  statement  are  the  re¬ 
sults  of  an  investigation  of  a  two-dimensional  Ising  model  with  the  inter¬ 
action  of  non-nearest  neighbors  taken  into  account.  Such  an  investigation 
carried  out  in  the  work  [6^J  in  which  interaction  with  dipoles  following 
after  the  nearest  neighbors  was  taken  into  account,  showed  that  the  shape 
of  the  characteristic  and  the  asymptote  of  the  correlation  function  remain 
the  same  as  for  the  usual  two-dimensional  Ising  lattice. 

An  important  distinction  such  a  case  is  only  that  with  a  certain 
relationship  between  the  constants  the  system  undergoes  three  successive 

l)  numerical  calculations  were  carried  out  for  a  face-centered 
cubic  lattice. 


-  t  ^  „ 
* 


phase  transitions  with  a  drop  of  temperature:  first  from  paraelectric  state 
to  ferroelectric  state,  then  fran  ferroelectric  state  again  to  paraelectric 
state  and,  finally,  to  antiferroelectric  state. 

A  situation  when  transition  to  ferroelectric  state  takes  place  with 
a  rise,  and  not  a  drop  of  temperature,  occurs,  for  example,  in  Seignette’s 
salt.  In  the  interaction  with  non-r.earest  neighbors,  Ising  model  permits 
such  transitions  only  in  a  very  narrow  range  of  numerical  values  of  the 
interaction  constants.  This  may  correspond  to  the  observed  rarity  of  such 
transitions. 

In  the  light  of  the  foregoing  the  importance  of  experimental  inves¬ 
tigations  of  characteristics  of  physical  quantities  in  transition  region 
should  be  pointed  out  once  more  in  order  to  attempt  to  understand  whether 
these  characteristics  correspond  to  results  obtained  for  a  thrne-dimen- 
sional  Ising  model  both  in  the  qualitative  and  quantitative  respect. 

Par.  4.  Model  Theories  for  Displacement-Type  Transitions 

1.  Model  of  Anharraonic  Oscillators 

An  attempt  to  utilize  representations  for  nonlinear  oscillations  of 
titanium  ions  to  ekplain  the  nature  of  ferroelectricity  in  BaTiC3  was  made 
for  the  first  time  in  a  work  by  Ginzburg  [19].  Later  these  representations 
were  analyzed  in  detail  and  developed  by  Devonshire  [4]  and  Slater  [5]. 

Some  problems  pertaining  to  the  model  of  anharmonic  oscillators  were  also 
examined  in  [41,  65-67]  and  in  other  works. 

The  main  distinction  of  this  model  from  the  model  of  local  minima 
is  assumption  of  a  smooth  change  of  the  relationship  Uk  (x.  y,  z)  and 
abandonment  of  assumption  concerning  the  existence  of  potential  minima 
"prepared  in  advance."  Owing  to  the  appearance  of  a  self-consistent  field 
when  T<8  the  function  Uk  (xyz),  symmetrical  for  cubic  crystals,  loses 
the  center  of  symmetry  and  a  nonzero  average  displacement  of  ions  takes 
place.  This  situation  can  occur  only  in  the  case  (see  subparagraph  l,  para¬ 
graph  1)  if  the  oscillations  of  active  ions  have  a  marked  anharmonic  cnar- 
acter,  i.e, 

W,  -  «*  (x«  +  »>  ,5}  +  {-■«  -r  4  »‘)  +  (* V  +  +  »■»■)■ 


Instantaneous  positions  of  the  point  dipoles  appearing  upon  the 
displacement  of  an  active  ion  relative  to  the  center  of  the  ceil  are  con¬ 
sidered  to  be  independent  of  each  other.  The  interaction  of  the  dipoles 
is  taken  into  account  by  the  introduction  of  an  averaged  field  determined 
by  the  action  ~f  all  of  the  reraa  .ling  dipoles.  For  this  purpose;  a  term 
z»F  is  introduced  into  (4.69).  Ii.  this  term  z'  is  effective  charge  of 
the  central  ion,  F  is  effective  field  acting  on  .he  ion,  and  r  is  a 
radius  vector  connecting  the  center  of  symmetry  of  the  cell  with  the  ion. 
Thus,  we  have  here  anharmonic  oscillations  relative  to  the  center  the 
position  of  which  depends  on  the  magnitude  of  effective  field. 
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In  the  integration  of  (4, ,8)  the  anharmonlc  portion  (4.69)  is  con¬ 
sidered  to  be  a  small  quantity.  This  makes  it  possible  to  expand  the 
exponent  under  the  integral  sign  into  a  series  with  respect  to 

the  anharmonic  portion.  In  that:  case  we  have: 


(Ji,  +  24,)  -f 


-t-  ."it  (34.  +  2M- 


iVj-4 


(4.70) 


Differentiating  A  w  .th  respect  to  the  field  F  we  will  obtain 
a  system  of  equations  (4.12).  However,  inasmuch  as  free  energy  is  ex¬ 
pressed  here  not  m  terms  of  exponents  but  in  the  form  of  a  power  series 
it  is  more  convenient,  by  using  (4.12),  to  represent  it  as  a  function  of 
total  polarization.  This  makes  it  possible  to  make  an  immediate  co^par** 
ison  with  thermodynamic  theory,  i.e. 


Ar  (P) - NiT  In  [-pr  <r.*rp(-;'  f]  *  *  J  j34,  r  ti.i  4- 

+  K4?r)  +  a,)  •  tr  -t)  (/>’  r>\  +  :>;}  ~  (-—■)(.,  {?•,+!■',  +  p\>  + 

+ (pjpj + py. + fy]) + . .  .. 


(4.71) 


where  9  is  determined  from  ti.e  condition  or  the  ccefficie”t  at  P~  be¬ 
coming  zero,  i.e. 

-T--B)TWT^  •  (4.72) 


According  to  the  calculations  in  [5^ 
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~ormula  (4.72)  has  a  sufficiently  definite  physical  sense:  namely, 

j?  Nz 1  ^ 

a  ferroelectric  transition  0^0)  takes  place  if  the  constant  - 

which  characterizes  Coulomb  forces  tending  to  displace  the  ion,  is  larger 
than  the  constant  which  characterizes  elastic  force  tending  to  return  the 
ion  into  initial  position. In  dynamic  theorv  t  see  chapter  5,  paragraph  4) 
this  qualitative  definition  of  condition  for  existence  of  phase  transi¬ 
tion  acquires  an  additional  sense  in  terms  of  stability  of  lattice  vibra¬ 
tions.  The  role  of  anharmonic  terms  in  a  phase  transition  may  be  explained 
in  the  following  manner:  initial  equation  defining  the  relationship  P  (F) 
is  easily  transformed  to  tne  form: 


.V»-t F,  4s-wef  (34.  o-JV.tr  ,  I  '-Flh  1 

P*“'-2S - 7^1 - T> - *”ST-  J-  (4.73) 
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'whence  it  may  be  seen  th.?t  taking  anharmonic  terms  into  account  leads  to 
the  appearance  in  the  expression  for  P  of  a  term  dependent  on  T»  and 
accordingly  to  a  weak  temperature  dependence  of  atomic  polarizability. 
However#  precisely  this  temperature  dependence  of  the  constant  leads  to 
a  "ferroelectric  catastrophe." 

It  is  easy  to  perceive  from  (4.71)  that  the  model  of  anharmonic 
oscillators  makes  it  possible  to  "design"  phase  transitions  of  different 
types  without  coming  into  contradict! on  with  the  experiment,  as  this  takes 
place  in  the  case  of  the  model  of  local  minima.  It  may  also  be  seen  that 
the  model  of  anharmonic  oscillators  describes  a  very  "smooth"  phase  tran¬ 
sition  of  the  second  kind  with  a  small  change  in  entropy. 

In  general,  in  this  model  the  difficulty  is  of  an  opposite  charac¬ 
ter  in  comparison  with  the  case  of  Mason  model.  According  to  Jaynes'  ^6]  com¬ 
ment,  in  this  case  the  ferroelectric  transition  is  brought  about  too  "eas¬ 
ily."  In  other  words,  owing  to  the  presence  of  electron  polarizability 
in  ail  ions,  the  effect  resulting  with  a  displacement  of  Ti  ions  proves  to 
be  very  strong  and  it  becomes  necessary  to  assume  very  small  values  of 
polarizabilities  in  order  to  explain  why  Curie  point  is  at  relatively  low 
temperatures.  In  accordance  with  this,  the  "4/3  ^-catastrophe"  takes 
place  here  in  a  very  mild  form.  In  the  case  of  displacement-type  transi¬ 
tion  in  question  the  entropy  jump  is  relatively  small.  Physically  this 
is  clear  from  the  simple  fact  that  unlike  the  model  of  local  minima, 
phase  spaces  differ  little  from  each  other  before  and  alter  a  transition 
(see  Figure  4,1). 

It  should  be  noted  that  for  the  model  of  anharmonic  oscillators 
there  are  many  ways  for  matching  with  the  experiment,  in  particular, 
introduction  of  reasonable  values  of  effective  cnarges  and  polarizabil¬ 
ities  makes  it  possible  to  reduce  the  effect  from  displacement  of  active 
ions:  when  electrostriccive  terms  are  taken  into  account  the  character  of 
a  phase  transition  shifts  in  the  direction  of  phase  transitions  of  the 
first  kind,  etc.  In  our  opinion,  a  substantial  improvement  in  the  accu¬ 
racy  of  the  model  of  displacement-type  transitions  would  be  that  at  least 
two  sublattices  perform  anharmonic  oscillations.  Indeed,  assumption  of 
the  existence  of  only  one  active  sublattice  in  the  presence  of  an  elastic 
bend  f 1 7 ]  with  «ll  of  the  remaining  ions  appears  to  be  of  small  probabil¬ 
ity.  “Undoubtedly,  the  case  examined  in  paragraph  I  when  all  ions  perform 
oscillations  that  are  anharmonic  to  one  or  another  degree  is  more  prac¬ 
ticable. 

2.  Anharmonicity  and  Fluctuations  of 
Displacements  of  Active  Ions 

The  method  of  mathematical  treatment  of  the  model  of  anharmonic 
oscillators  is  nothing  else  but  application  of  thermodynamic  perturbation 
theory  to  the  calculation  of  free  energy  of  anharmonicaily  oscillating 
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ions  [4l],  The  energy  of  an  anharmonically  oscillating  oscillator  with 
its  kinetic  energy  p^/2tn  talten  into  account  has  the  following  forms 

£  -*  •JJ"  +  « {*•  4-  >v  +  »*)  +  (**  +  Jr4  +  s4)  +  24,  {*»*  -**  +  »>«>)  — i'?f, 

(A. 74) 

where  p  is  a  pulse.  In  this  case  the  role  of  the  minor  term  V  is 
played  by  the  "enharmonic"  portion  of  potential  energy: 

S'  ~  (**  -r  S'*  +  r*)  +  (,>,«  4.  *t,«  4.  ,»,»). 


According  to  thermodynamic  perturbation  theory  [59],  free,  energy 
may  be  represented  in  the  following  manner: 


A-Ax  +  NV--~f  (S'-P)t. 

Here 

a ,* — 

“  3?  +  « <**  * f-  »*  +  «’)  -  »'Fr. 


(4.75) 

(4.76) 

(4.77) 

(4.78) 

(4.79) 


_In  (4.75),  Aj  indicates  "unperturbed"  free  energy  calculated  with  a 
V=0;  V  is  the  average  value  of  the  perturbing  energy,  in  this„case  the 
average  value  of  anharmor.ic  portion  of  ion  energy;  V^=  (V  -  V)z  is  the 
average  quadratic  fluctuation  of  the  quantity  V. 

In  the  determination  of  free  energy  in  [5],  onl;  the  first  approxi¬ 
mation  was  obtained  which  is  given  by  thermodynamic  perturbation  theory. 

The  average  quadratic  fluctuation  of  anharmonic  portion  of  potential  energy 

2.2 

of  the  ion,  having  terms  with  and  b?  is  not  contained  in  the  expression 
for  free  energy  (4.71)  obtained  in  these  works.  The  situation  is  different 
in  regard  to  polarization.  As  will  be  shown  below,  in  this  case  fluctua¬ 
tions  already  appear  in  the  first  approximation. 


Taking  (4.71)  into  account,  we  find  in  the  first  approximation  the 
component  of  polarization  vector  along  the  axis: 


P. 


<M 


(4.80) 


We  will  note  that 

J  j  7 ifnPfPtl  h  J  I  (P*P,?s)  *?.  ■  ■  it,  j  ...  * 

(rafjPt)  t>r»i  (raffti)  (*f») 
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and,  therefore,  when  using  the  expressions  (4.77)  and  (4.78)  the  kinetic 
portion  of  the  energy  Eq  does  not  have  to  be  taken  into  account  at  all. 
Henceforth  wc  will  mean  by  Eq  only  the  potential  energy  of  an  ion  per¬ 
forming  harmonic  oscillations. 

Substituting  (4.76)  and  (4.77)  into  (4.80)  we  obtain  the  following 
after  simple  transformations  (see  [41]) 


—  — jjr  (s'/-  iP), 

...  . 


where 


•f® 


l-w 

i+« 


(4.81) 

(4.82) 

: — )dI- 

(4.83) 

It  should  be  born  in  mind  that  in  (4.81)  the  averaging  is  done  in 
relation  to  a  harmonically  oscillating  ion.  The  first  term  of  this  ex¬ 
pression  represents  the  average  electric  moment  of  a  unit  of  volume 
brought  about  by  a  displacement  of  the  center  of  oscillations  of  the 
oscillators.  The  second  term  is  explained  by  the  perturbing  action  of 
enharmonic  oscillations.  We  will  show  that  it  represents  a  disordering 
effect  of  the  fluctuation  of  ion  displacements: 

xV  —  xP*.4,(fS_  + 44.3)5 

Statistical  independence  of  the  coordinates  xyz  and  the  fact 

that  yb  =z  if  Fx=^=0  <tnd  Fy=F2~0  were  taken  into  account  in  the  calcu¬ 
lation. 

It:  easv  to  see  that  x"  -  x"'x=2x(-<2>  x) z  and  x^-  x  x=4(A  x)**  + 


-f  4(x)^(A  x-)  since  (Ax2n+1). 
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In  addition  to  this,  y2=( Ax)2  and  (A  x)4-3[ (A  x) - ] 

%  V 1  *  f 

P.  -  Ni'i - 'Yjr-  {(34,  +  24.)  | (Jr)-'*  +  4,  (x).’  tkzy-). 

Wc  find  from  (4.82)  that 


+« 


(4X)! 


S  -  iF.!2a, 


kT 


Finally, 

(4.84) 


(4.85) 
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Substituting  the  values  of 
we  find  (4.73). 


x  and  (Ax)2  from  (4.85)  into  (4.84), 


The  difference  between  Ax^  from  (4.18)  and  (4.85)  Is  explained 
by  the  fact  that  in  the  former  case  the  averaging  vas  done  relative  to  the 
total  and  in  the  latter  —  relative  to  the  unperturbed  energy  of  the  oscil¬ 
lator.  The  absence  of  singularity  in  the  relationship  Ax2(T)T-*  Q 

appar- 

entiy  indicates  the  "hardness"  of  the  oscillator  system  in  a  uniform  seif- 
consistent  field. 

Thus,  dependence  of  polarization  from  (4.73)  and  dielectric  constant 
on  temperature  and  fielo  strength,  characteristic  of  ferroelectrics,  is 
connected  with  the  r i uc-.uations  of  ion  displacements.  With  a  T-v©  these 
fluctuations  act  as  a  disordering  factor,  i.e.  they  decrease  polarization. 

Thermodynamic  perturbation  theory  is  also  applied  in  the  determina¬ 
tion  cf  average  values  of  displacements  in  dynamic  theory  but  with  the  use 
of  a  Hamiltonian  expressed  in  terms  of  normal  mode  of  the  acoustic  and 
optical  branches  (see  subparagraph  2,  paragraph  3,  chapter  5). 

3.  Statistical  Theory  of  Ferro-  and 
Antiferroelectric  transitions 


In  essence,  theories  for  displacement-type  transitions  examined 
above  have  a  seraiphenomenological  character.  Assumption  concerning  a  self- 
consistent  field  in  (4.8)  which  "breaks"  the  lattice  symmetry  predetermines 
in  advance  the  possibility,  in  principle,  cf  the  existence  of  nonzero  aver¬ 
age  ion  displacements.  In  particular,  this  explains  the  inability  of  this 
theory  to  explain  antiferroelectric  transitions  from  the  standpoint  cf 
microscopic  representations  on  interaction  forces.  Naturally,  a  desire 
arises  to  obtain  conditions  for  the  existence  of  Ps  on  the  basis  of  ter- 
nal  dynamic  and  statistical  characteristics  of  a  system  without  rese  ng 
to  an  a  priori  introduction  of  the  self-consistent  field  F. 

In  other  words,  the  question  concerns  the  construction  of  a  dis¬ 
placement-type  model  with  the  correlation  of  the  states  taken  into  account 
similarly  to  the  way  this  was  done  in  Ising  model.  An  attempt  to  con¬ 
struct  such  a  theory'  was  made  by  V.  I.  Klyachkin  [7,  8,  68]  The  distribu¬ 
tion  of  ion  displacements  in  a  crystal  is  examined  in  the  works  mentioned 
from  the  standpoint  of  Bogolyubov  statistical  method  [69]  Transition  to 
an  ordered  state  is  equivalent  to  the  appearance  of  a  nonzero  projection 
of  electric  moment  Pg=  where  is  the  average  displacement  of 

an  ion.  Next,  a  sequence  of  distribution  functions  Fl(s),  F2(siS2)..» 
...Fk(si...sk)  is  set  up  in  the  configuration  space  of  Pg.  These  func¬ 
tions  define  the  probability  of  the  fact  that  thu  ions  1,  2,  3...  will  be 
displaced  from  their  equilibrium  positions  by  the  vectors  sj,  S2«.*»  sk. 

To  determine  s^  in  accordance  with  general  procedure,  systems  of  integro- 
differential  equations  are  constructed,  which  connect  a  sequence  of  dis¬ 
tribution  function: 

DFt-irt„.  (4.86) 
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where  D  and  L  are  differential  and  integral  operators. 

In  the  examination  of  odd-order  statistical  moments  as  the  func¬ 
tions  of  components  of  ionic  displacements  it  was  found  that  they  vanish 
only  in  the  case  if  potential  energy  of  a  displaced  ion,  determined  from 
Bogolyubov  equations  becomes  an  even  function  relative  to  the  correspond¬ 
ing  space  coordinate. 

In  other  :'Oids,  the  appearance  of  nonzero  odd  raomen-s,  including 
those  of  the  first  order,  i.e.  of  the  components  of  average  displacements, 
is  connected  with  the  disappearance  of  reflection  symmetry  of  potential 
energy  of  an  ion  relative  to  the  respective  plane.  Thus,  a  phase  transi¬ 
tion  in  a  ferroelectric  crystal  is  a  transition  from  a  state  with  a 
smaller  number  of  the  planes  of  reflection  symmetry  of  potential  energy 
of  an  ion  to  a  state  with  a  larger  number  of  these  planes.  Ways  for  find¬ 
ing  the  phase  transition  points  appear  in  accordance  with  the  foregoing. 

Catting  up  a  system  of  nonlinear  integro-differential  equations 
for  the  antisymmetric  --  with  respect  to  the  respective  coordinate  —  por¬ 
tion  of  potential  energy  of  the  ion  and  application  of  an  approximation  of 
the  form  (4.86)  makes  it  possible  to  reduce  the  problem  of  determination 
of  the  phase  transition  points  to  a  determination  of  the  branching  points 
of  nonlinear  integral  equations  with  these  points  corresponding  to  those 
temperatures  below  which  a  state  with  a  zero  antisymmetric  portion  of  poten 
tial  nergy  of  »  Jlsplaced  ion  becomes  unstable. 


The  respective  criteria  have  the  following  form: 
for  a  ferr  electric 


for  an  antiferroelectric 


<*i>*3i;|-o;  «•»:.  2.'  3; 


. »• 


In  these  formulas 


jkl 

Sets 


and 


are  elastic  moduli  of  respective 


states,  defined  as  structural  sums  of  the  second  derivatives  of  effective 
potential  energy  for  the  respective  coordinate.  In  doing  so,  it  was  taken 
into  account  that  in  the  ferroelectric  case  spontaneous  displacements  of 
the  separate  superstructural  sublattices  are  on  the  average  equal  and  par¬ 
allel,  and  in  an  antiferroelectric  they  are  equal  and  antiparallel.  It  is 
important  that  relates  to  a  state  lying  above  the  temperature  of 

transition  with  the  direction  being  the  direction  in  which  the  sym¬ 

metry  of  potential  energy  changes  during  the  transition.  These  same  condi¬ 
tions  may  also  be  obtained  as  a  result  of  requirements  of  thermodynamic 
stabilitv  of  the  system  for  the  free-energy  functional  [compare  formulas 
(3.50)  and  (4.15)]. 
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The  simplest  case  of  one  lattice  undergoing  a  displacement  was  ex¬ 
amined  in  [68].  It  was  found  that  by  expanding  the  energy  of  pair  inter¬ 
action  with  respect  to  the  powers  of  relative  ion  displacements  up  to  the 
fourth-order  terms  and  applying  thermodynamic  perturbation  theory  relative 
to  the  anhatraonic  portion  of  energy  it  is  possible  to  obtain  an  expression 
for  <*2,X  and  the  temperature  of  transition  to  tetragcr.ai  phase  (for 
perovskite  structures).  In  doing  so 


(4.87) 


\  Cy 


Here  and  %  are  structural  sums  of  the  second  and  fourth 

derivatives  of  effective  potential  energy;  and  are  the  re¬ 

spective  suras  extended  only  over  a  lattice  undergoing  displacement  in  a 
ferro-  and  antifertoelectric  case. 

Dynamic  criteria  of  the  appearance  of  ordered  structures  have  the 
following  form: 

C  > «.*:  C>&  <i>°- 

These  inequalities  are  possible  with  the  condition  of  strong  com-^ 
pensation  of  the  positive  and  negative  contributions  in  the  quantity  £  . 

Calculation  of  the  average  spontaneous  displacements  indicates  that,  a  phase 
transition  of  the  second  kind  Tj  takes  place  in  this  case. 

Similarly,  the  values  of  dielectric  susceptibility  of  each  config¬ 
uration  determined  in  the  usual  way  prove  to  be  exactly  coinciding  with 
Ginzburg’s  [ 19 ]  and  Kittel’s  [70j  thermodynamic  expressions: 


for  a  ferroelectric,  and 


for  an  antiferroeiectric. 


y~zj;  :  *■>•.:  *<‘.-7  :  r<s • 


r>8„ 

*.*.=*  K  +  r  <». 


A  study  of  thermal  capacity  jump  indicates  that  the  following 
equality  is  satisfied  in  the  approximation  used: 

Acs=Aca  , 

i.e.  it  is  impossible  to  identify  the  ferroelectric  or  antiferroeiectric 
configurations  on  the  basis  of  purely  calorimetric  measurements. 

The  question  of  relative  stability  of  the  states  was  also  investi- 


gated  by  means  of  comparing  thermodynamic  potentials  of  the  ferroelectrics 
and  antiferroelectrics.  In  doing  so,  it  was  found  that 

4?a  when  8a @s 

4>s<$a  Wh6n  &s>&a 

is  thermodynamic  potential),  i.e.  a  state  having  a  higher  Curie  temper¬ 
ature  is  more  advantageous. 

A  necessary  condition  for  setting  up  appropriate  structures  is  con¬ 
siderable  mutual  compensation  in  •■he  coefficient  of  elasticity  of  potential 
energy  of  the  displaced  ion  by  energy  brought  about  by  the  attractive  and 
repulsive  .orcts  in  an  ionic  crystal.  This  compensation  must  be  consider¬ 
able  to  such  an  extent  that  elastic  coefficient  of  only  one  sublattice 
undergoing  a  displacement  would  turn  out  to  be  larger  than  the  total  elas¬ 
tic  coefficient  linked  with  all  sublattices  of  the  crystal  (compare  with 
subparagraph  1,  paragraph  chapter  4  and  paragraph  4,  chapter  5). 

The  inference  mentioned  relates  to  the  case  of  one  ferroactive  sub¬ 
lattice  and  is  similarly  valid  both  for  ferroelettr-.c  and  antiferroelec- 
tric  crystals. 

In  principle,  ferroelectric  configurations  prove  to  be  pots''*-1- 
even  in  the  absence  of  strong  Coulomb  long-range  forces.  A  necessa 
condition  in  this  case  is  the  existence  of  strong  exchange  interac, 
which  must  make  negative  contributions  to  the  coelf icient  of  elastic 
of  a  displaced  ion. 

A  numerical  investigation  of  the  force  factors  of  energy  of  a  pair 
interaction  of  ions  carried  out  for  perovskite  structure  indicates  than 
conditions  for  the  appearance  of  ferroactive  state  cannot  be  realized  for 
a  B-type  lattice  in  the  ABO3  compound  owing  to  a  high  symmetry  of  poten¬ 
tial  energy  of  the  B  ion.  Conversely,  for  an  0  ion  conditions  of  this 
kind  r.an  be  satisfied  with  reasonable  values  of  polarizabilities,  effec¬ 
tive  charge  and  of  the  constants  of  non-electrcstatic  interactions  (com¬ 
pare  with  1.44]  and  paragraph  3,  subparagraph  2). 

In  the  approximation  of  one  lattice  undergoing  displacement  it 
turns  out  that  an  increase  in  polarizability  of  a  central  B  ion  leads 
to  difficult  conditions  for  the  appearance  of  ferroactive  structures. 

It  turns  out  that  in  this  seme  approximation  the  polarizability  of  an 
A  ion  has  very  little  effect  on  the  appearance  of  ferrcelectricity. 

Like  the  model  theories  of  Devonshire  and  Slater,  statistical 
theory  of  phase  transition  of  the  second  kind  based  on  the  representation 
of  one  sublattice  undergoing  a  displacement  leads  to  an  insufficiently 
rapid  fall -off  of  spontaneous  polarisation  near  Curie  point  and,  as  a 
result  of  this,  to  an  understated  value  cf  the  thermal  capacity  jump. 

In  this  connection  it  may  be  believed  that  taking  account  of  ion  dis¬ 
placements,  which  becomes  necessary  in  the  inves  igation  of  several  sub- 
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lattice J  undergoing  a  displacement!  will  lead  to  an  increase  of  the  rate 
of  growth  of  spontaneous  polarization  near  the  transition  point,  i.a.  it 
will  shift  transition  of  the  second  kind  in  the  direction  of  critical 
Curie  point. 


Par.  5.  Electron  Theory 

.«  Jaynes-Wigner  Theory 

Microscopic  theories  examined  in  the  preceding  paragraphs  are 
based  on  the  assumption  that  spontaneous  polarization  is  a  result  of 
displacements  of  ions  in  a  certain  internal  field  determined  by  these 
same  displacements.  In  dcing  so,  electron  polarization  plays  an  auxil¬ 
iary  part  (in  spite  of  the  fact  that  its  magnitude  may  even  be  larger 
than  ion  polarization):  electron  component  of  the  effective  field  Fe 
grows  in  proportion  to  the  displacement  of  ions  and  thereby  increases 
the  forces  that  are  conducive  to  the  formation  of  spontaneous  polariza¬ 
tion  until  the  disordering  thermal  factors  and  a  sharper  growth  of  the 
restoring  forces  stops  this  process.  In  the  case  of  transitions  of  the 
order-disorder  type,  electron  member  in  the  effective  field  increases 
the  preponderance  of  ions  concentrated  in  one  of  discrete  states. 


From  the  formal  point  of  view  this  mechanism  is  described  by  to- 
equations  of  a  self-consistent  field,  which  are  given  here  in  a  maxi- 
simplified  form:  (E=9) 

6)  P,.—tAr 

M>.,  (4-R8> 

*)  F;~  l  +  |yr,  ’ 

whence,  taking  (4.12)  into  account,  we  have: 


where  is  a  nonlinear  function.  In  principle  we  rosy  imagine  a  reverse 

case,  i.e?  transpose  the  cause  and  effect: 

») 

6) 

,  _  J.V-  (4.89) 
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The  equation  (4.89)  leads  to  a  phase  transition  if  there  is  a  cer¬ 
tain  electron  statistical  mechanism  responsible  for  the  nonlinearity  f 
<fe(T»  Pse).  We  note  that  this  situation  does  not  contradict  i 

principle  the  thermodynamic  theory  inasmuch  as  the  order  factor  may 
be  expressed  in  terms  of  probability  of  different  states  ot  the  particles, 
including  alt  crons  (see  footnote  to  chapter  3,  paragraph  1,  subparagraph 
1). 


This  electron  mechanism  was  suggested  for  the  first  time  by  Wigner 
and  Jaynes  [6J.  Its  essence  consists  (as  applied  to  BaTiC>3)  ir  the  fol¬ 
lowing. 

Barium  titanate  is  not  a  purely  ionic  compound  and  the  electron 
structure  is  such  that  the  octahedron  should  be  regarded  as  something 
whole,  and  not  as  a  system  consisting  of  independent  parts.  At  the  same 
time,  inasmuch  as  the  octahedron  consists  of  closely  packed  highly  polar¬ 
izable  ions,  a  good  shielding  of  internal  Ti  ions  from  external  actions 
exists  so  that  in  the  first  approximation  each  octahedron  may  be  assigned 
its  own  internal  electron  state  not  dependent  on  the  stace  of  the  neigh¬ 
boring  unit  cells.  Owing  to  the  presence  of  central  symmetry  of  the  cell 
in  the  absence  of  electric  field  each  state  must  have  a  definite  parity, 
and  in  this  case  the  dipole  moment  does  not  appear. 

However,  if  two  states  of  opposite  parity  have  close  energies,  then 
the  interaction  between  octahedrons  will  lead  to  the  result  that  the  crys¬ 
tal  as  a  whole  will  have  a  minimum  of  energy  and  the  internal  state  of 
each  octahedron  will  be  represented  in  the  form  of  a  linear  combinarion 
of  symmetric  states.  This  linear  combination  of  states  will  have  a  non¬ 
vanishing  dipole  moment,  i.e.  spontaneous  polarization  and  an  internal 
field  appear. 


Thus,  the  oxygen  octahedron  is  polarized  under  the  effect  of  the 
internal  field  with  the  magnitude  of  polarization  brought  about  by  the 
"mixing’'  of  electron  states  being  equal  to  Pe(Fe,  T). 


Total  macroscopic  polat ization  P  consists  of  the  sum  of  Pe  + 
and  the  term  Pj_,  which  represent  polarization  of  ionic  residues  (includ¬ 
ing  the  j olarizabil ity  ec  Ba  ions  and,  possibly,  of  the  Ti  and  0  ions). 
Next,  an  assumption  is  made  concerning  statistical  independence  of  the 
neighboring  cells.  The  average  dipole  moment  is  one  and  the  same  in  all 
cells  and  this  average  polarization  is  used  for  the  calculation  of  local 
field  acting  on  the  cells.  Actually  the  state  of  a  given  cell  is  affected 
by  the  neighboring  cells  more  strongly  than  this  is  believed  and  a  con¬ 
siderably  stronger  correlation  between  the  dipole  moments  of  the  cells 
should  be  expected.  This  correlation  may  be  taken  into  account  by  using 


the  method  employed  in  Ising  model 
ever,  the  method  of  self-consistent 

In  the  absence  of  internal  field  F 


for  transitions  (order-disordet) . 
field  is  applied  in  the  work  [6j. 
e  . 

.0—  - - - — —  ,  the  electron  state 

I  +  p  y  • 


How- 

of 


the  octahedron  is  invariant  relative  to  the  symmetry  group  l>h*  The  po¬ 
larization  of  rne  octahedron  is  brought  about  by  the  existence  of  excited 
states  connected  with  the  fundamental  state  through  the  interactions  de¬ 
termined  with  the  change  of  the  dipole  moment.  In  the  work  [6j  it  is 
assumed  that  the  electronic  excited  state  of  the  octahedron  has  the  sym¬ 
metry  F^u  (see  chapter  6),  i.e.  ic  is  thrice  degenerated;  it  was  verified 
that  the  matrix  element  of  the  dipole  moment  between  the  fundamental  and 
excited  state  in  this  case  is  not  identically  equal  to  zero  because  of 
considerations  of  symmetry.  Then,  indicating  the  difference  between  the 
energies  of  the  fundamental  state  and  excited  states  with  and  se- 
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lecting  the  energy  zero  in  the.  middle  between  them,  we  wi’l  obtain  the 
following  for  an  unperturbed  Hamiltonian: 


whence  polarization 


P  1 _ sh  tr _ 

vth  tx  r**  * 


(4.90) 


(4.90)  is  the  unknown  nonlinear  self-consistent  equation  (4.89d) 
for  Pse,  which  under  certain  conditions  has  nonzero  solutions.  Curie 
point  is  determined  from  the  condition  that  b=l.  The  model  examined 
makes  possible  a  qualitative  description  of  the  basic  relationships  of 
ferroelectrics  above  (for  example,  Curie-Veiss  law)  and  below  (the 
growth  of  spontaneous  polarization  PS(j)  Curie  point.  In  spite  of  this, 
at  the  present  time  electron  theory  in  this  version  can  hardly  be  con¬ 
sidered  as  something  more  than  an  interesting  attempt  to  prove  the 
possibility,  in  principle,  of  the  existence  of  an  electron  mechanist', 
of  the  appearance  of  spontaneous  polarization.  The  necessity  of  using 
such  a  mechanism,  at  least  for  explaining  the  properties  of  BsTiC>3« 
encounters  certain  objections. 

Originally,  electron  theory  was  based  on  a  series  of  x-ray  dif¬ 
fraction  studies  as  a  result  of  which  no  displacements  of  BaTi03  ions 
were  detected  at  all.  At  the  present  time,  the  existence  of  displace¬ 
ments  of  all  BaTi03  ions  Leaves  no  doubts.  Jaynes  considers  that  this 
fact  in  itself  does  nor  refute  electron  theory  inasmuch  as  these  dis¬ 
placements  are  from  the*  standpoint  of  electron  theory  a  result  of  the 
action  of  a  field  initially  brought  about  by  electronic  processes. 

However,  while  acknowledging  the  existence  of  ion  displacements 
one  must  not  fail  to  examine  these  ions  in  their  statistical  intaraction- 
Tnis  should  introduce  substantial  corrections  into  the  conditions  o«  the 
appearance  of  spontaneous  polarization  and  into  the  temperatures  char¬ 
acteristics  obtained  on  the  basis  of  electron  theory.  The  question  of 
which  takes  place  first  --  deformation  of  electron  shells  or  displace¬ 
ment  of  ions  belongs  rather  to  the  field  of  kinetics  of  appearance  of 
spontaneous  polarization. 

According  to  [7l]  and  [ 72l,  ferroelectricity  appears  in  those 
crystals  which  contain  positive  ions  with  closed  electron  shells  of 
noble -gas  atoms,  surrounded  by  oxygen  octahedrons.  Jaynes  considers 
this  as  one  of  the  proofs  in  favor  oi  electron  theory.  However,  this 
also  indicates  that  possibly  a  formation  of  covalent  bonds  takes  place, 
which  is  conducive  to  a  mutu'i  drawing  together  of  positive  ions  and 
oxygen  ions,  formirg  an  octahedron. 

Jaynes  points  out  the  large  value  of  diffractive  index  in  ferro-- 
electrics  Indicating  the  large  magnitude  of  electron  polarizabiiit.es, 
which  is  brought  about  by  the  exchange  of  electrons  between  oxygen  and 
titanium  ions.  In  addition  co  this,  in  his  opinion  the  existence  of 
maximum  in  refractive  index  near  Curie  po.nt  also  indicates  a  change  in 
the  electron  structure  of  the  crystal.  However,  these  facts  are  not  a 
proof  of  inconsistency  of  ionic  theories.  There  is  no  doubt  that  a 
certain  rearrangement  of  electron  shells  near  Curie  point  (even  from 


145  - 


the  standpoint  of  ionic  theories)  must  take  place.  However,  it  should 
be  noted  that  the  maximum  of  optical  refractive  index  is  very  insignif¬ 
icant  and  amounts  to  /^3  percent  of  its  normal  value.  And  the  existence 
of  a  frequency  relaxation  effect  with  which  £  decreases  approximately  by 
hundreds  of  times,  indicates  by  itself  the  enormous  role  which  the  dis¬ 
placements  of  ions  play. 

Finally,  one  of  the  main  inferences  in  [6]  --  prediction  of  absorp¬ 
tion  line  in  the  region  of  10  me  which  corresponds  to  an  initial  energy 
level  of  /*k^4  k0,  is  not  confirmed  hy  the  present-day  data  on  infrared 
spectra  of  barium  ticar.ate  (see  chapter  15). 

Modernized  versions  of  electron  theory  of  ferroeleetricity  are 
set  forth  in  the  works  [73,  74], 

With  a  combining  of  atems  into  a  crystal  lattice,  electron  density 
considerably  changes.  A  hybrodi2ation  of  atomic  orbitals,  for  example, 
sp-  or  pd-hybridization  may  take  place  in  this  process.  Hybridization  of 
states  with  the  quantum  numbers  of  orbital  moment  differing  by  unity  leads 
to  the  appearance  of  dipole  moment  of  the  atom.  In  the  work  [73]  appear¬ 
ance  o  spontaneous  polarization  is  linked  with  the  hybridization  ot 
electf.ii  orbits.  In  doing  so,  a  system  of  N  identical  atoms  is  examined 
in  [73]  with  there  being  one  valent  electron  for  each  atom,  The  Hamil¬ 
tonian  of  the  system  is  written  in  the  same  form  as  in  the  work  [75]  but 
terms  describing  the  exchange  interaction  are  omitted  (these  terms  may 
prove  to  be  essential  in  describing  the  ferromagnetics) .  Next,  the  di¬ 
electric  constant  Is  calculated  using  the  procedure  of  double-time  Green 
functions.  The  main  results  of  the  work  [73]  amount  to  an  explanation  of 
Curie-Weiss  la-  and  of  the  law  of  "dyad"  for  dielectric  constant,  and 
also  to  a  prediction  of  existence  of  resonance  absorption  of  electro¬ 
magnetic  field  at  the  frequency  of  collective  excitation  of  electron  sub¬ 
system  (Frenkel  exciton)  *2 '•-2  0.  At  a  @«-400°K,  an  absorption  of  elec¬ 
tromagnetic  field  with  a  wavelength  X*,'3.5  •  10  cm  should  correspond 
to  such  a  ’’ferroelectric  exciton." 

An  attempt  is  made  in  thz  work  [74]  to  take  into  account  the  cor¬ 
relation  effects  between  electrons  in  t!«>  vacant  sheaths  of  the  A  and  B 
•-ons  in  ferroelectric  crystals  of  AB0->  type. 

An  inference  is  drawn  that,  in  principle,  correlation  effects  may 
lead  to  the  appearance  of  spontaneous  polarization.  Their  role  depends 
tin  the  difference  in  the  energies  of  the  levels  of  electrons  of  A  and  E 
atoms  and  more  considerably,  for  example,  for  BaTi03  than  for  BaZrOj  or 
for  CaTiOj. 

2.  Pseudo-Yang-Teller  Effect  and 
Ferroelectric  Transitions 

Dynamic  approach  based  on  the  conception  of  ferroelectric  mode  the 
frequency  of  which  o)r  becomes  zero  or  reaches  anomalously  small  values 
{it  th®  transition  point  (see  paragraph  4,  chapter  5),  has  become  a  stand¬ 
ard  approach  to  the  description  of  ferroelectric  transitions  of  dis¬ 
placement  type. 
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Sr  adiabatic  approximation  (see  subparagraph  1,  paragraph  1,  chap¬ 
ter  5/  u  ierlles  theory  of  crystal  lattices.  The  sense  of  this  approxima¬ 
tion  amounts  to  chat  the  motion  of  electron  and  nuclear  subsystems  of  the 
crystal  is  separated,  with  the  electron  term  dependent  on  the  coordinates 
of  nuclei  as  cn  parameters  being  a  potential  function  describing  their 
oscillations.  Therefore,  an  inference  hcs  to  be  drawn  that  when  tA.r+0 
substantial  changes  also  take  place  in  electron  terms  responsible  for 
such  anomalous  behaviors  of  (see  also  [til]). 

An  assumption,  illustrated  on  models,  that  pseudo-Yang-Teller  ef¬ 
fect  may  be  a  cause  of  the  appearance  of  spontaneous  polarization  foi 
ferroelectrics  of  displacement  type  was  expressed  in  a  whole  series  of 
theoretical  works  [76-80j. 

We  will  recall  at  first  -he  sense  of  Yang-Teller  theorem  [81j. 

In  molecules  or  crvstals  with  a  sufficiently  high  symmetry  the  funda¬ 
mental  electron  state  could  prove  to  be  degenerate  (degeneracy  not  con¬ 
nected  with  spin  is  raeart).  In  order  that  the  respective  configuration 
of  the  system  be  stable,  the  energy  of  electron  term  as  a  function  of 
distances  between  atoms  must  have  a  minimum.  It  follows  from  this  that 
with  small  displacements  of  nuclei  a  change  in  the  energy  of  the  teem 
must  not  contain  terms  linear  with  respect  to  displacements.  Yang-Teller 
theorem  states  that  such  linear  terms  always  exist  for  a  degenerate 
fundamental  state. 

We  will  expand  the  Hamiltonian  of  the  electron  subsystem  ?{?  with 
respect  to  the  powers  of  normal  vibrations  of  the  lattice: 


oX 


(4.91 


\ 
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If  the  fundamental  state  is  degenerate,  than  linear  terms  in  (4. 91) 
are  not  equal  to  zero  and  the  splitting  of  the  electron  term  may  be  found 
with  the  aid  of  theory  of  perturbations  for  degenerate  levels.  We  will 
examine  the  simplest  case  of  a  twice  degenerated  level  unstable  relative 
to  the  normal  vibration  Y.  We  will  denote  the  r.ondiagonai  matrix  element 

of  the  linear  term  in  (4.91)  with  N  VY  where  N  is  the  number  of  elec¬ 
trons,  and  the  diagonal  matrix  element  —  with  Eq.  Secuiar  equation  of 
perturbation  theory  will  have  the  following  form: 


£,-£  /y-Vij/y 

u  *0. 
S-'f’VY  £,-£ 


('>. 92 ) 


The  degenerate  term  will  split  in  this  manner  into  two  levels  with 

the  magnitude  of  the  split  being  equal  to  2N  ^VY,  as  may  be  seen  ftoxn 
(4.92). 


We  will  now  pass  on  to  a  case  of  two  nondegenerete  but  near  levels. 
It  turns  out  that  in  this  case  the  linear  terms  in  (4.91)  are  also  nonzero 
until  the  distance  between  the  levels  is  le*s  than  21PVY  (notattor.  for 
nondiagonal  matrix  element  has  been  retained  here). 
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T»ie  interaction  of  two  near  level  a  through  lattice  vibrations, 
connected  with  linear  terras  in  (4,91)  has  the  name  of  pseudo-Yang-Teller 
effect. 

Follov.s.g  the  work  [79],  we  will  show,  using  the  simplest  model  as 
an  example,  how  pseudo-Ying-Teiler  effect  may  lead  to  the  appearance  of 
spontaneous  polarization.  We  will  examine  an  ionic  crystal  with  two  near 
zones.  In  doing  so,  we  will  neglect  their  dispersion  (the  distance  be¬ 
tween  the  zones  A).  We  will  assume  that  these  zones  are  of  different 
parity.  In  this  case,  antisymmetric  normal  vibration  Yu  is  respon¬ 
sible  for  rhe  pseudo-Yang-Teller  effect,  A  macroscopic  dipole  moment 
appears  when  there  are  distortions  connected  with  it. 


In  the  presence  of  two  near  levels,  perturbation  theory  gives: 


_  6  .  1/  ,  v»r« 


(4.93) 


With  account  taken  of  (4.9'j)  we  will  obtain  the  following  for  the 
portion  of  crystal  energy  E  dependent  on  the  normal  coordinate  Y: 

+  (4.94) 


H  and  u)  are  here  the  reduced  mass  and  the  frequency  of  normal 
vibration. 


h’*"T(4  +T&"r~*fr)' 


An  analysis  of  these  expressions  shows  that  if 

2M  **• 

the  equilibrium  position  of  ions  changes  by  the  amount: 


Vflitye-ua - TTT|* 


f4.95) 
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(4.9?: 


(4.98) 


This  means  that  two  equivalent  lower-symmetry  configurations  exist 
in  each  one  of  which  the  crystal  hai  a  permanent  dipole  moment.  The  value 
of  Y  and  accordingly  of  spontaneous  polarization  is  maximum  when  T=0 
and  decreases  an  increase  ol  T. 


At  Curie  temperature: 


M  ,.r 

”  ”  ^  L  IJrr:  w«-4  J 


(4.99' 


1;  It  w.s  shown  in  the  works  [78,  82  j  that  near  tones  of  opposite 
parity  tust  exist  in  FaTiC^,  1£  the  zones  had  the  same  parity  the  dis¬ 
tortions  of  the  crystals  would  be  connected  with  symmetric  vibration  and 
ho  macroscopic  dipole  moment  would  appear  with  them.  It  the  zones  are 
degenerate,  the  "active"  normal  vibrati<?n  must  also  be  degenerate  and 
a  whole  series  of  low-symmetry  configurations  is  possible. 
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the  distortion  of  the  lattice  disappears  and  the  crystal  undergoes  a 
phase  transition  of  the  second  kind. 

The  effect  under  consideration  leads  to  a  high  overnorma,  ization 
of  the  frequency  of  the  vibration  Y,  dependent  on  temperature.  The  fre¬ 
quencies  of  this  vibration  a) and  60c_  prove  to  be  respectively 
equal  to  the  following  with  the  approach  to  Curie  point  from  the  side  of 
high  and  low  temperatures: 

. 

r  t  (4.100) 

With  a  T=0  &>c+  =0>cj=0  (compare  with  paragraph  4,  chapter  5). 

The  expansion  (4.100)  gives  the  following  near  6  with  accuracy 
to  linear  terms: 

($■)*-■ 2-  (4.101) 

i.e.  the  law  of  dyad  well  known  from  phenomenological  theory  (see  para¬ 
graph  4,  chapter  6). 

It  may  already  be  seen  from  the  foregoing  that  "interzone"  theory 
of  ferroelectricity  is  very  promising.  Very  recently  such  an  approach 
was  used  to  describe  spontaneous  polarization  [83]  and  successive  phase 
transitions  in  BaTiOg  [84]  and  for  the  calculation  of  behavior  of  ferro¬ 
electric  modes  in  an  electric  field  [85j. 

Microscopic  model  theories  examined  in  this  chapter  contributed 
to  a  considerable  degree  tc  the  formation  of  representations  concerning 
the  nature  of  ferroelectric  transitions.  At  the  same  time,  there  is  no 
doubt  that  in  their  further  development  microscopic  theories  must  be  con¬ 
structed  on  the  basis  of  more  improved  physical  approximations. 

In  the  investigations  of  ferroelectrics  within  th-j  framework  of 
statistical  method  it  is  desirable  to  abandon  the  use  of  representations 
concerning  self-consistent  field,  which  convey  to  the  theory  a  semi- 
macroscopic  character.  In  other  words,  the  questicn  concerns  the  further 
development  of  an  approach  in  wtiich  correlation  between  the  states  of 
active  ions  is  taken  into  account.  It  is  also  obvious  that  it  is  necessary 
to  abandon  the  separation  of  lattice  elements  into  ferroactivs  and  in¬ 
active  elements,  and  examine  the  state  of  a  crystal  on  the  assumption 
that  all  of  its  elements  perform  anharmonic  oscillations  to  one  or 
another  degree. 

Development  of  Ising  model  and  of  interzone  theory  of  spontaneous 
polarization  also  appears  important. 

The  use  of  purely  statistical  methods  precludes  the  possibility 
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of  obtaining  information  on  the  special  features  of  vibrati-on  spectrum  of 
ferroelectrics.  This  gap  is  filled  by  dynamic  theory  which  examines  lat¬ 
tice  vibrations.  However,  an  explanation  of  temperature  dependences  of 
the  parameters  of  the  crystals  and  in  general  of  the  mechanism  of  ferro¬ 
electric  transitions  is  possible  at  the  present  on  the  basis  of  representa¬ 
tions  concerning  anharmcnicity  of  oscillations  and,  consequently,  with  the 
condition  of  examination  of  interaction  of  different  modes  using  the  means 
of  perturbation  theory.  This  makes  clear  the  reasons  for  the  consolidation 
of  dynamic  and  statistical  methods  of  investigation,  taking  place  at  the 
present  time. 
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CHAPTER  5.  DYNAMIC  THEORY  OF  FERROELECTRICITY 

Owing  to  thermal  agitation  the  atoms  in  a  crystal  perform  small 
oscillations  near  equilibrium  positions.  The  smallness  ot  oscillatory 
displacements  in  comparison  with  lattice  constants  makes  it  possible  to 
regard  them  (in  the  first  approximation)  as  an  aggregate  of  so-called 
normal  oscillations,  i.e.  independent  plane  waves  to  each  one  of  which 
corresponds  its  own  frequency  and  wavelength. 

Normal  oscillations  representing  displacements  of  atctiiic  sublat¬ 
tices  of  a  crystal  as  a  whole  relative  to  eac..  other  are  called  limit 
oscillations.  Some  of  the  limit  oscillations  may  be  connected  with  a 
change  of  the  macroscopic  dipole  moment  of  a  crystal.  Such  o*  dilations 
are  usually  called  dipole  oscillations. 

The  equations  of  motion  for  e  normal  coordinate  Q  cf  a  limit 
dipole  oscillation  in  an  electric  fieid  Ee*Wt  may  be  written  in  the 
following  form  without  taking  damping  into  account: 


d  +  "*<? 1=1  ~ 


(1.1) 


The  equation  (5.1)  represents  equation  of  motion  of  a  harmonic 
oscillator.  Here  «0  is  the  frequency  of  normal  oscillation,  z*  — 
effective  dynamic  charge  of  the  mode  in  question  (equal  for  the  simplest 
model  to  ionic  charge),  and  m  —  reducea  mass  for  a  given  normal  oscil¬ 
lation. 


to: 


Polarization  P  connected  with  the  normal  coordinate  Q  is  equal 

(5.2) 


We  will  substitute  (5.2)  into  (5.1)  and  will  seek  solution  in  the 
following  form: 


(5.3) 
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Than  we  haue: 


(5.4) 


It  follows  from  (5.4)  that 


if  A 

•#-*«  ir 


*  . 

r*  tx  * 


(5.5) 


where  f  is  contribution  to  the  dielectric  constant  of  the  crystal  £ 

O  ^ 

owing  to  the  normal  oscillation  Q,  a= 


zh 

m 


If  the  crystal  has  several  limit  dipole  oscillations,  the  expression 
for  £  acquires  the  following  form: 


(5.6) 


Here  the  high-frequency  dielectric  constant,  i.e.  at  the 

frequencies  to  43^  indicates  frequencies  ->f  the  limit  dipole  oscil¬ 

lations,  and  ajj  --  the  forces  of  the  oscillators. 


In  the  expression  (5.6)  tne  damping  of  normal  oscillations  may  be 
taken  into  account  phenomenologically  by  assigning  co  each  mode  the 
damping  constant 


v  «> 

4  -i— *  +  *»»"»* 


(5.7) 


It  may  be  seen  from  (5.7)  that  if  in  a  certain  temperature  range 
the  dielectric  constant  £  (with  W<^Wv)  sharply  increases  and  damping 
is  small  (i.e.  Tf  Cdj.) ,  then  one  of  tne  frequencies  6)^  must  sharply 
decrease  at  these  temperatures.  It  follows  from  this  that  in  a  ferro~ 
electric  transition  (in  any  case  in  a  transition  of  displacement  type) 
the  frequency  of  one  of  the  limit  dipole  oscillations  of  the  lattice  must 
sharply  decceasa  with  the  approach  to  Curie  point. 

An  oscillation  whose  frequency  sharply  decreases  when  is 

usually  celled  "ferroelectric  oscillation”  or  "soft  mode."  The  concept 
of  "soft  mode"  was  put  forth  by  V.  L-  Ginzburg  in  1949  for  ferroelectric 
transit! ons. 

Proceeding  from  phenomenological  theory,  Ginzburg  showed  ^i-3] 
that  in  the  case  of  a  phase  transition  of  the  second  kind  (or  of  the 
first  kind  approaching  critical  point)  the  frequency  of  one  of  normal 
oscillations  cf  *„he  crystal  lattice  must  become  zero,  with  the 

phase  transition  being  ferroelectric  if  is  the  frequency  of  the 

limit  dipole  oscillation. 
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Later*  /.nderson  [4]  obtained  the  same  results  on  the  basis  of 
microscopic  theory.  This  problem  was  investigated  in  a  greater  detail 
by  Cochran  [5-7]  who  examined  it  using  a  microscopic  model  of  a  diatomic 
ionic  crystal  as  an  example. 

From  the  standpoint  of  Ginzburg--Anderson--Cochran  theory,  inves¬ 
tigation  of  micromechanism  of  a  ferroelectric  transition  of  displacement 
type  mentis,  first  of  ail,  finding  the  mode  of  ferroelectric  oscillation 
and  following  up  the  change  in  its  frequency  in  phase  transition.  There¬ 
fore,  the  special  interest  shown  of  late  in  the  dynamic  theory  and  vibra¬ 
tion  spectra  of  ferroelectrics  is  understandable. 

This  chapter  sets  forth  in  brief  form  the  fundamentals  of  dynamic 
theory,  gives  results  of  calculations  of  vibration  spectra  of  ferroelec¬ 
tric  crystals,  which  may  prove  to  be  helpful  in  the  interpretation  of 
respective  experimental  results,  and  makes  an  attempt  to  set  forth  the 
basic  ideas  of  a  theoretical  approach  to  the  problem  of  dynamics  of  crys¬ 
tal  lattices. 

Par,  1.  Elements  of  Dynamic  Theory  of  Crystal  Lattices 

This  paragraph  sets  forth  basic  information  from  dynamic  theory 
of  crystal  lattices,  necessary  for  the  understanding  of  dynamic  approach 
to  the  problem  of,  ferroelectricity. 

1.  Oscillations  of  a  Linear  Chain 

Many  characteristic  properties  of  lattice  vibrations  show  themselves 
in  the  simplest  model  of  a  linear  chain  of  alternating  atoms  of  two  kinds 
(Figure  5.1a}. 
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Figure  5.1.  Oscillations  of  a  linear  chain. 

a  —  linear  chain  of  alternating  atoms  of  two 

I-  *  fblack  and  white  circles);  b  —  oscilla- 

*  .  •  linear  chain  cf  the  same  items  with 

-3=^  and  o=  Arrowheads 
’  a  n  a 

indiwor  ,5-  «ic  displacements. 


It  is  also  convenient  to  trace  on  this  model  the  basic  approximate 
used  in  lattice  vibration  theory.  One  of  then  is  the  so-called  adiabatic 

approximation.  In  this  case,  the  wave  function  of  a  crystal,  dependent 
on  the  coordinates  of  electrons  and  nuclei  is  reduced  to  n  simple  product 
of  multiplication  of  the  wave  function  of  electronic  subsystem  with 
fixed  positions  of  the  nuclei  by  the  wave  function  of  nuclear  subsystem, 
i.e.  variables  describing  the  motion  of  the  electronic  and  nuclear  sub¬ 
systems  are  separated.  The  energy  in  electron  term  depends  on  the  co¬ 
ordinates  of  nuclei  as  on  parametrs.  The  motion  of  nuclei  is  charac¬ 
terized  by  the  potential  energy  U  equal  to  the  energy  in  electron  term. 
Such  a  separation  and  introduction  of  potential  function  U  for  nuclei 
proves  to  be  possible  owing  to  the  circumstance  that  kinetic  energy  of 
electrons  is  small  in  comparison  with  kinetic  energy  of  nuclei,  and  the 
motion  of  elections  is  much  faster.  Owing  to  this,  during  tl;e  oscilla¬ 
tions  of  nuclei,  electrons  immediately  (adiabaticaliy)  change  their 
energy  according  to  nuclear  displacements. 

We  will  use  the  following  system  of  notations,  which  can  be 
easily  generalized  later  for  a  three-dimensional  case:  we  will  indicate 
by  displacements  of  an  atObu  of  the  kind  y.  (ftr-l,  2,,,.,  s)  in  the 

l-th  unit  cell  (£=0;  +1;  +2;  +3;...}. 

Making  use  of  the  smallness  of  Che  values  of  xjj,  in  comparison 
with  lattice  constant,  potential  energy  of  the  system  U  may  be  ex¬ 
panded  into  a  series  with  respect  to  the  powers  of  displacement:  1) 


*  txfrxi 


(5.9) 


The  quantities 


M 


1 


(5.9) 


are  called  force  constants. 


It  follows  from  translation  symmetry  that  the  values  of  (fcj'y 
depend  only  on  the  difference  (,-  l’=h.  Therefore,  later  it  will  some¬ 
times  be  more  convenient  to  use  for  them  the  notation 


The  force  constant 


<£>: 


IV 

A* 


is  numerically  equal  to  the  force  act¬ 
ing  on  the  Jlr-th  atom  in  the  6-th  unit  from  the  side  of  atom  V  in 
the  unit  cell  if  the  latter  atom  is  displaced  by  one  unit  of 

length.  The  absence  of  first-ovder  terms  in  (5.8)  corresponds  to  equi¬ 
librium  conditions  of  the  chain.  Neglecting  of  terms  of  higher  than  second 
order  constitutes  the  basis  of  the  so-called  harmonic  approximation. 


1)  Summing  over  repetitive  indices  is  meant  in  (5.8). 
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The  equations  of  motion  for  atoms  have  the  form; 

m  X'  —  ~  Vt'  x‘,k. 


(5.10) 


We  wil)  seek  solutions  in  the  following  form: 

a'~ 


(5.11) 


t.e.  in  the  form  of  plane  waves  propagating  over  the  chain.  Here  "a"  is 
lattice  constant,  q  —  a  wave  vector,  and  —  frequency  of  vibrations. 


A  substitution  of  (5.11)  into  (5. 1C)  gives: 

XJ-6. 


(5.12) 


where 


IH  («) — 2  ®***<,*i’ 
v'V‘’  T 


(5.12a) 


The  following  relationship  exists  between  the  quantities  [)»v]  (q); 


2v*V*«  lt»l  if)— o. 


(5.12b) 


which  follows  from  the  requrement  of  an  absence  of  appearance  of  internal 
foses  acting  on  the  atoms  in  a  parallel  translation  of  the  crystal  as  a 
whole. 

Thus,  a  set  of  an  infinite  number  of  equations  for  an  infinite 
chain  has  been  reduced  to  a  sat  of  systems  of  s  order  (s  is  the  number 
of  atoms  in  unit  cell)  for  each  value  of  q.  The  possible  values  of  q 
may  be  determined  from  boundary  conditions. 

The  so-called  periodic  boundary  conditions  are  usually  selected. 

In  this  case,  an  infinite  crystal  i  s  divided  into  periodically  arranged 
volumes  and  condition  of  a  corresponding  periodicity  of  displacements  is 
imposed.  Periodic  boundary  conditions  are  convenient  in  a  mathematical 
scheme  but,  of  course,  they  are  artificial.  However,  rigorous  proofs 
exist  [8,  9j  that  the  lattice  vibration  spectra  calculated  with  thn  use 
of  periodic  and  some  other  more  realistic  boundary  conditions  will  hardly 
differ  from  each  other  when  periodic  volume  is  sufficiently  large. 

lor  a  linear  chain,  periodic  boundary  conditions  are  equivalent  to 
*cie  relationships: 

(5.i3) 


for  all  and  t>,  where  N  is  the  number  of  atoms  on  <  periodic  length. 
In  order  that  the  expression  (5.11)  satisfy  the  requirement  of 
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periodicity  (5^ 13)  it  is  necessary  that: 


In  doing  so. 


"~0:  ±i:  ±2’ 


JL  >JL 

±  2  2  ' 


(5.14) 


“ T<*  <  T  • 


(5.15) 


since  the  number  of  Ns  solutio  s  equal  to  the  number  of  degrees  of  free¬ 
dom  of  the  "periodic  length"  of  the  chain  is  already  contained  in  this 
range.  1) 

The  smallest  range  of  the  values  of  r  corresponding  to  all  pos¬ 
sible  physically  unequivalent  vibrations  is  called  Brillouin  2one.  We 
will  explaing  by  using  an  example,  the  circumstance  thac  the  range  (5.15) 
is  a  Brillouin  zone  for  a  linear  chain.  We  will  examine  oscillations  of 

yc  3*K 

a  linear  monatomic  chain  with  a  q=  —  and  a  q=  — —  respectively  (Fig¬ 
ure  5.1b). 

It  may  be  seen  from  the  figure  and  the  expression  (5.11)  that  the 
same  displacements  of  the  atoms  of  the  chain  correspond  to  these  two 
waves.  These  waves  assume  a  different  form  only  at  the  places  where 
there  are  no  atoms,  i.e.  where  they  have  no  physical  sense. 

Thus,  the  problem  on  the  spectrum  of  a  linear  chain  has  been 
reduced  to  the  solution  of  the  sets  of  equations  (5.12)  of  the  s  order 
for  N  values  of  the  wave  vector  q. 

We  will  examine  the  simplest  model  of  a  linear  chain  with  atoms  of 
two  kinds  (Figure  5.1)  in  which  the  nearest  neighbors  are  coupled  by 
springs  having  an  elastic  constant  k.  Then  we  have  the  following  for 
the  quantities  [j*v]  (q)  (fv,  v=  l,  2) 


(12|  (,)  <-  (21 J  (V)  -  -  j===-  («'«•  +  - -  «.*#. 

|22|(,)~i22|(0) -  — 


here  the  quantities  [ll]  (0)  and  [?2]  (0)  were  calculated  with 
the  aid  of  the  relationship  (5.12b). 

Condition  of  solvability  of  the  set  (5.12)  (dispersion  equation 
defining  the  relationships  Gj(q): 


IHW—V"0'  (5.16) 

where  4**  is  Kronecker  symbol,  acquires  the  following  form: 

1)  For  convenience  in  writing  (5.14),  N  is  assumed  to  be  «.  even 

number. 
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at<i 


(5.17) 


Fran  (5.17)  we  find  'he  dispersion  curves: 

sr.srfci +*«  ±  Voj + «? + irai">,  c«  r>  • 


<5. 18) 


The  ratios  of  the  amplitudes  of  atonic  displacements  may  be  found  fran 
the  equations  of  motion  (5.11): 


2 k  .  2k 

Jft  ^ 

lc'~  ,  '2k  “  2*  ?a  ‘ 

1  »*—  —  —cos-5- 

01)  K)  2 


(5.19) 


In  Figure  5.2  is  shown  the  form  cf  the  spectrum  <*>(q)  and  the 
density  function  of  the  states  g(Ct))  (g(M)dUl  is  equal  to  the  number 
of  states  in  a  range  of  from  u>  to  o)+  do))  for  a  different  mass  ratio 

— .  The  two  branches  u>.  and  tU-  corresponds  to  two  roots  of  (5.18). 
®2  + 

The  vibrations  (q)  for  which  Cd-*0  when  q~+Q,  are  called 

acoustic  vibrations.  This  name  is  connected  with  the  fact  that  wher. 
q  are  small  these  vibrations  correspond  to  sound:  in  this  case  the 
particles  in  one  unit  cell  move  practically  as  one  whole  and  a  discrete 
structure  of  the  lattice  is  not  very  essential,  i.e.  it  may  be  -egarded 
simply  as  an  elastic  continuum.  Conversely*  for  vibrations  «+(q)  when 
q  a.e  small*  two  sublattices  of  the  crystal  as  a  whole  vibrate  in  anti¬ 
phase  with  respect  to  each  other.  In  ionic  crystals,  precisely  such  vi¬ 
brations  (with  q-*0)  may  be  coupled  with  a  large,  dipole  moment  and 

strongly  interact  with  electromagnetic  field.  Therefore,  branches  for 
which  u>(q)=y=0  when  q-»0  are  called  optical  vibrations.  With  a  q=  — 
only  atoms  of  one  kind  vibrate  (light  atoms  for  optical  branch  and  heavy 
for  acoustical  branch)  and  the  atoms  of  the  other  kind  are  at  rest.  With 
any  q,  in  acoustical  branch  the  displacements  of  the  nearest  neighbors 

are  of  the  same  sign*  and  in  the  optical  branch  --  of  the  opposite  sign. 

It  is  of  interest  to  follow  up  the  change  in  vibration  spectrum 
with  a  change  in  the  ratio  of  atomic  masses.  With  mi=m2  the  linear 
chain  actually  has  a  lattice,  constant  smaller  by  one  half.  The  curve 
C*}(q)  for  a  linear  chain  with  the  same  atoms,  with  the  same  force  con¬ 
stant  and  a  lattice  constant  smaller  by  one  half  (Figure  5,1)  is  shown 
in  Figure  5.2  with  dashes.  In  this  case  the  optical  branch  is  absent. 
Solutions  of  «+(q)  have  been  obtained  for  a  linear  chain  with  for¬ 
mally  distinctive  atoms  and  with  represent  the  same  curve  6>(q) 

m, 

but  reduced  to  a  Brillouin  rene  which  is  smaller  by  one  half.  With  „£.  = 

n»2 
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Figure  5.2.  Dispersion  curves  to +(q)  and 
density  of  states  g(w)  for  a  linear  chair 
of  atoms  cf  two  kinds  with  different  ratios 
of  atomic  masses. 


=4  the  spectrum  considerably  changes.  A  slit  appears  in  it.  The  dis¬ 
persion  of  optical  branch  (i.e.  dependence  on  q)  becomes  weaker.  Finally, 

with  ”  =  9  the  frequencies  of  the  optical  branch  are  confined  in  a  very 
narrow  range.  These  vibrations  are  reduced  chiefly  to  the  motion  of  light 
atoms  whereas  heavy  particles  remain  practically  motionless.  Inasmuch  as 
in  the  approximation  cf  the  nearest  neighbors  the  particles  affect  each 
other  only  through  the  displacements  of  heavy  particles,  their  vi,  rations 

ral 

in  the  optical  branch  are  to  a  iarga  degree  independent  when  —  =9  and 
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vibration  frequencies  do  not  diftor  very  perceptibly  from  the  frequency 
of  vibrations  of  the  light  particle  between  two  fixed  particles. 


2.  Generalization  for  a  Three- 
Dimensional  Case 


This  generalization  is  reduced  in  pi  >.ice  to  the  introduction  of 
the  subscripts  i,  k=l«  2,  3  corresponding  to  Cartasian  coordinates.  The 
formulas  (5/l2)  acquire  the  form; 


t* 


(5.20a) 
<5. 20b) 
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mm 


where  hi=0;  +1'  +2;  +3;..., 


k-ut' 

*W 


\fiV 

— i - F 


and  X  its  a  matrix  of  the  base  vectors  of  translations  (equal  for  example, 
for  a  simple  cubic  lattice  to  the  unit  three-dimensional  matrix  multiplied 
by  lattice  constant).  In  a  three-dimensional  case  the  components 
are  called  components  of  frequency  tensor. 


ii.cipii.ea 

[rj  «> 


Physical  unequivalent  values  of  the  wave  vector  will  now  be  deter¬ 
mined  from  the  condition: 


2* 


(*,  —  0.  ±1;  ±2; 


(5.21) 


where  B  is  a  matrix  of  the  base  vectors  of  reciprocal  lattice  (see  chap« 
ter  6). 


For  a  three-dimensional  case,  Brillouin  zone  will  represent  a  unit 
cell  of  reciprocal  lattice. 

With  a  specified  value  of  the  wave  vector  q,  dispersion  equation 
for  the  determination  of  the  vibration  frequencies  of  the  crystal  now  has 
a  3s  order: 

|[r  (5.22) 

Out  of  the  3s  branches  of  the  vibration  spectrum  three  branches 
will  be  acoustical  when  q-»0)  and  3s-3  will  be  optical  branches, 

’’"he  vibrations  will  now  also  be  differentiated  by  the  direction  of  dis¬ 
placements  with  respect  to  the  wave  vector. 

In  some  particular  cases  (for  example,  if  q  is  oriented  along  the 
symmetry  axis)  atomic  displacements  will  be  purely  longitudinal  (i.e.  ori¬ 
ented  along  the  wave  vector)  for  certain  branches,  and  purely  transverse 
(perpendicular  to  the  wave  vector)  for  the  other  branches. 

3.  Lattice  Vibrations 
in  Ionic  Crystals 

Ionic  crystals  should  be  specially  examined  for  two  reasons. 

Firstly,  in  the  determination  of  vibrations  it  is  necessary  to  take 
into  account  electric  fields  appearing  on  the  surface  of  a  crystal  with 
the  displacement  of  sublattices;  secondly,  for  long-range  Coulomb  forces 
it  is  necessary  to  take  into  account  the  effects  of  dalay,  i.e.  the  cir¬ 
cumstance  that  electromagnetic  field  does  propagate  instaneously. 

Both  of  these  factors  are  important  only  in  the  case  of_long 
waves.  Indeed,  owing  to  the  mu.ti.pl.ier  e^.  the  series  o.  (*l) 
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{see  5.20b)  converse.  In  addition  to  this,  at  distances  of  the  order  of 
vibration  length  A^3>Jit2  5l/q  the  constants  should  be  taken  into  account. 

On  the  other  hand,  while  the  wavelength  of  light  corresponding  to  the 
lattice  %*ibration  frequency  Ci>  \hr-  ' is  much  larger  than  ^iat»  the 
effects  of  delay  may  be  neglected.  Since  the  frequencies  of  optical  vi¬ 
brations  sec"*,  ^~'10  ^  cm  (A^a(\rai  10"®  cm,  i.e.  the  effects 

of  delay  are  considerable  only  in  the  portion  amounting  to  10*  of  Brillouin 
zone. 


LatC-.ee  vibrations  with  a  q^O  in  which  crystal  sublattices  are  dis¬ 
placed  as  one  whole  are  connected  with  the  change  in  its  macroscopic  dipole 
moment  and  appear  in  infrared  absorption  and  reflection  spectra.  Therefore, 
we  should  dwell  in  greater  detail  on  these  vibrations.  It  is  convenient  to  do 
this  with  the  aid  of  a  simple  phenomenological  model  for  optical  vibrations 
of  diatomic  ionic  crystals. 


We  will  first  examine  the  problem  without  taking  the  effects  of  de¬ 
lay  into  account.  The  set  of  equations  describing  the  limit  optical  (q~*0) 
vibrations  of  such  crystals  are  written  in  the  following  form  1)  [10,  llj: 


#ni,iW  +  i|.E,  23a'' 

(5.23b) 


m,m^ 

M-  ~~ ; —  is  reduced  mass,  X 
r  mi-fm2 

displacement  of  sublattices  of  the  positive  and  negative 
polarization  and  E  is  electric  field. 


Here  W==\/}Ix  where 


is  the  relative 
ons,  P  is  lattice 


We  seek  a  solu-ion  of  the  set  (5.23)  in  the  form: 


E-£» 

w«-we 

p-r0 


y  «•*'. 


Then  we  will  obtain: 


-IW,  ~  i>,iWs  J-  *,,E.  1 
P0  —  i..,W,  pl-.-Ea.  | 


Eliminating  WQ  from  (5.26),  «e  will  obtain: 

After  comparing  (5.25)  with  the  definition: 


(5.26) 


(5.25) 


(5.26) 


we  will  find  dispersion  formula  for  dielectric  constant: 

l)  It  can  be  shown  [lO,  1 1 ]  that  it  follows  from  the  law  of  con- 
conser-viiion  of  energy  that  b  1 2  ==^> 21* 
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*  (“)  —  i  +  +  ~4~’~ '^7  » 


'5.21) 


which  it  is  convenient  to  write  in  the  following  form: 

«(“)■“'&  +  “  _  Ar- 


(5.28) 


In  formula  (5.28),  is  infrared  dispersion  frequency, 

i.e.  natural  frequency  of  the  lattice  at  which  £(t£)-*oo;  £q=1  +  43tb22  - 

**bl2b21 

-  - - -  is  static  (i.e.  measured  in  a  field  with  a  frequency  <»)^<#n) 

“11  u 
dielectric  constant ; £^=1  +  4fCb22  is  optical  (measured  at  o&c i)q)  dielec 
trie  constant. 

In  order  to  examine  the  frequencies  of  limit  optical  vibrations 
the  following  equation  of  electrostatics  should  be  added  to  the  set  (5.23) 


aw  (>:  +  4*r)»o. 


(5.29) 


Substituting  P  from  (5.23b),  we  will  find: 


di’E  — 


(5.30) 


We  will  separate  the  vector  W  into  its  potential  and  solenoidal 


w=.w,  +  w,. 

di*  Wj-o. 

rolW,«iO. 


(5.31) 

(5.32) 

(5.33) 


Then,  for  Wt  we  have: 


E,  —  o. 
"  *ll*r  " 


(5.34) 


whence  it  follows  that: 


w,-, 


(5.35) 


For  Vi^  we  have: 


diTE~-Tx^  .li,w, 


(5.36) 


and  consequently: 


r  _  _ 

1  +  *rj.n  w»* 


“  (*"  ~  )  w‘  viw< 


(5.37) 


(5.33) 


from  which  it  follows  that: 


w,  - 


(5.39) 


165 


with 


(5.40) 


We  will  note  that  the  transverse  and  longitudinal  waves  (when  q  -*  0) 
are  particular  cases  of  solutions  of  and  Wt.  Therefore,  c*).  and  £*> 

are  usually  called  the  frequencies  of  longitudinal  and  transverse  vibra¬ 
tions  respectively.  We  will  explain  the  physical  sense  of  the  results 

obtained  by  examining  vibrations  with  a  small  but  finite  q 

o  ^ 

where  L  is  the  dimensions  of  the  crystal).  For  transverse  waves, 
regions  of  a  positive  and  negative  charge  alternating  with  a  period  Alar, 
will  appear  on  the  surface  of  the  crystal.  In  doing  so,  the  aggregste 
field  from  these  regions  will  be  equal  to  zero  in  the  center  of  the  crystal. 
But  in  the  case  of  longitudinal  vibrations  the  following  field  appears: 

(5.41) 

which  will  be  added  tc  the  restoring  force.  If  it  is  taken  into  account 
that  F=b2iW  +  b22^  (see  5.23a),  then  (5.37)  is  immediately  obtained 
frcm  (5.41). 

In  nonionic  crystals  b21~*®  and  the  frequencies  U A  and 
coincide. 


Figure  5.3.  Charges  appearing  on  the 
surface  of  a  crystal  with  limit  dipole 
vibrations  of  the  lattice. 

a  —  transverse  vibrations!  b  —  longi¬ 
tudinal  vibrations. 

It  should  be  noted  that  the  difference  between  O ^  and  is  of 

paramount  significance  upon  the  appearance  of  a  situation  conducive  to  a 
ferroelectric  transition.  From  the  microscopic  point  of  view,  for  ionic 
crystals  this  difference  is  connected  with  the  circumstance  that  compo¬ 
nents  of  effeccive  field  which  coincide  with  the  direction  of  propagation 
of  vibrations  and  are  perpendicular  to  it  difler  substantially  from  each 
other.  This  was  already  discussed  above.  This  feature  becomes  even  more 

1)  If  this  condition  is  not  satisfied,  the  frequencies  of  limit 
vibrations  will  depend  on  the  shape  of  the  crystal  (see  below  for  more 
details). 


t 
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obvious  in  the  most  interesting  case  of  long  waves  for  simple  crystals 
having  high  symmetry.  The  field  acting  on  an  ion  of  a  polarized  crys¬ 
tal  lattice  is  equal  to  the  sura  of  the  average  macroscopic  field  E  and 
the  field  E\  which  takes  account  of  the  action  of  dipoles  situated 
side  laurentz  sphere  (see  paragraph  2,  chapter  4) : 


F=E  +  Ej_. 

Leaving  aside  the  question  of  the  values  o*'  Ei  (in  the  case  of 


diatomic  cubic  crystals  Ei^O)  we  have*  according  to 


1  l 11 
[11]. 


when  q-*0: 


£ - >1™/*'  |,|  •  ^1,1* 

where  p  is  dipole  moment  of  a  unit  cell.  It  follows  from  this  that 
E  l  q-0  3nd  E  ||  q=  -45CP. 

Thus,  for  longitudinal  vibrations  the  crystal  lattice  is  more 
rigid  and  the  frequencies  are  always  higher  than  a>c. 

Siraila*-  results  may  also  be  obtained  for  ionic  crystals  by  using 
Ewaid  method  |_11,  12]  (see  also  chapter  4,  paragraph  2). 

It  can  he  shown  that  the  components  (q-*0)  for  a  lattice  of 

point  ions  will  contain  terms  which  depend  on  the  direction  of  q-*0: 


<«  QiU  V’ 

»  I'  'n,K, 


(5.42) 


Here  z^r.  id  zv  are  ionic  charges;  ft,  V  and  v  are  the  volume 
of  a  unit  cell.  Tne  expression  (5.42)  depends  c-n  the  direction  of  q-*0 
and,  therefore,  for  different  directions  of  q~*0.  different  frequencies 
will  obtained  from  the  equation  (5.22).  It  c*-  be  shown  that  in  the 
simplest  case  of  diatomic  optically  isotropic  cubic  crystals  everything 
will  be  reduced  to  the  aopearance  of  the  frequencies  and  it)t  which 

do  not  depend  on  the  direction  of  q-*0.  The  ratio  (5.40)  is  called 
Liddan-Saks-Taller  ratio.  On  the  basis  of  this  ratio  we  may  also  point 
out  the  existence  of  a  soft  mode:  it  may  be  seen  that  if  Lq  sharply 
increases  in  some  temperature  range,  the  frequency  of  the  transverse  di¬ 
pole  vibration  Olt  should  decrease  in  order  that  the  relationship  (5.40) 
be  satisfied. 


Cochran  [6j  generalized  Liddart-Saks-Tel ler  ratio  for  the  case  of 
cubic  crystal:  with  an  arbitrary  number  of  sublattices: 


-!i  =  ]T  til I 

Here  n  is  the  number  of  dipole  optical  vibrations. 


(5,43) 


Thus,  in  this  case,  the  frequency  of  each  limit  dipole  vibration 
be  spiit  into  a  longitudinal  and  transverse  frequency. 


Figure  5.4.  The  curves  ^(q)  with  q~*0 
for  rutile. 

is  the  angle  formed  by  direction  with 
the  tetragonal  axis  of  the  crystal.  The 
letters  nt,  i  and  t  indicate  the  charac¬ 
ter  of  the  respective  vibration  (m  —  mixed, 

1/  --  longitudinal,  t  --  transverse).  The 
upper  letter  pertains  to  a  case  when  q 
lies  in  the  plane  (1!0),  and  the  lower  — 
when  q  lies  in  the  plane  (100),  the  middle 
letter  pertains  to  an  intermediate  case. 

In  noncubic  crystals  the  dependence  on  the  direction  of  q— *0  will 
bear  a  more  complex  character.  With  an  arbitrary  direction  of  q-*0  the 
limit  dipole  vibrations  will  not  be  purely  longitudinal  or  transverse.  In 
Figure  5.4  are  shown  the  curves  (q-vO)  showing  the  dependence  cm  the 
direction  of  q-*0  for  rutile  [l3j.*)  The  indices  E2u  3n^  A2u  in  the 

1)  In  the  work  7 13],  corresponding  calculations  were  also  carried 
out  For  the  crystals  of  MgF2t  ZnF2»  FeF2  and  MnF2»  As  far  as  we  know, 
no  such  calculations  as  yet  exist  for  concrete  noncubic.  crystals. 
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figure  indicate  irreducible  representations  of  tlie  point  group  of  rutile 
(4/i»nn)f  to  which  the  respective  normal  vibrations  are  related  (see 
below  for  more  details  concerning  this  classficiation) . 

In  addition  to  dipole  limit  vibrations,  crystals  of  rutile  struc¬ 
ture  have  limit  vibrations  not  connected  with  the  change  in  dipole  moment. 
The  calculation  naturally  confirms  the  circumstance  that  their  frequencies 
do  not  depend  on  the  direction  of  q— *0. 

We  will  examine  now  the  influence  ot  the  effects  of  delay.  ^  For 
this  purpose,  one  should  examine  the  equation  of  lattice  dynamics  simul¬ 
taneously  with  Maxwell  equations.  In  Figure  5.5  are  shown  two  sets  of 
solutions  characterizing  a  lattice  in  two  extreme  cases: 

a)  solution  without  taking  delay  into  account  (electrostatic  ap¬ 
proximation)  > 

b)  solutions  corresponding  to  a  lattice  in  which  the  motion  of  ions 
is  fixt d  and  which  functions  as  a  normal  medium  with  a  refraction  index 

,  and  also  exact  solutions  which  (see  in  greater  detail  in  [ill, 
p  106)  represent  an  interlacing  of  these  two  groups  of  approximate  solu¬ 
tions. 


Longitudinal  vibrations  are  not  affected  by  the  effects  cf  delay, 
but  when  q-*0  the. transverse  vibrations  begin  to  bear  not  a  purely  me¬ 
chanical  but  a  mixed  radiation-mechanical  character  with  the  percentage 
of  energy  of  these  excitations  falling  to  the  share  of  electromagnetic 
waves  increasing  with  the  approach  of  wave  vector  to  zero  (Figure  5.6). 


As  already  mentioned  above,  electrostatic,  app-oximation  is  not 
suitable  for  transverse  vibrations  with  phase  velocities  higher  than  c 
(with  a  wavelengthij&i0~^  cm).  Of  late,  the  term  polaritons  started  to 
be  used  (see,  for  example,  [l4j)  for  excitations  connected  with  the 
ascending  section  of  he  lower  branch  cf  the  spectrum  shovra  in  Figure 
5.5.  Experiments  in  [ 15]  for  quartz  confirmed  the  law  of  dispersion 
predicted  theoretically  for  polaritons. 


We  will  note 
sions  of  the  crysfcn 
on  its  shape  [16,  .1 
valid.  In  connect;, 
(see  [llj,  p  1^4)  £■. 
<a)q  (see  the  '.xpre 

thickness  of  the  fi 

This  result  makes  i 
crystal  from  the  re 


that  when  ^lat^  1*  *  where  L  is  linear  dimen- 
i,  the  spectrum  of  an  ionic  ervstai  begins  to  depend 
7j  and  results  illustrated  in  Figure  5.5  become  in- 
on  with  this,  we  will  point  out  an  important  result 
ceording  to  which  the  infrared  dispersion  frequency 
ssior  5.28)  is  equal  to  the  frequency  Cd.  when  the 

2 

lm  is  small  fin  ccmnarison  with  the  wavelength  ' )• 

t  possible  to  investigate  vibration  frequencies  of  3 
flection  spectra  of  thin  films. 


We  will  now  discuss  in  the  light  of  the  results  set  forth  above 
.he  physical  sense  of  the  crystal  vibration  frequencies  calculated  with 
q-40  in  electrostatic  approximation,  i.e.  without  taking  the  effects  of 
delay  into  account.  For  the  limit  vibrations  not  connected  with  a  change 

1)  The  effect  of  delay  on  lattice  vibrations  examine-*  :r  the 
first  time  by  K.  E.  Tolpygo, 


Figure  5.  5.  Effect  of  delay 
on  lattice  vibrations. 

(see  explanation  in  the  text) 


Figure  5.6.  Proportion  of  tnechan* 
ical  energy  in  transverse  lattice 
vibrations  when  q-*0. 


in  dipole  moment,  and  for  longitudinal  limit  normal  vibrations  these  re¬ 
sults  should  be  related  to  sma  .1  but  finite  wave  vectors  q  (?«■)  where 


L  is  the  length  of  the  crystal.  For  the  transverse  (and  mixed)  limit 
dipole  vibrations  these  results  are  related  to  the  wavelengths  of  lattice 


vibrations  A.cr£- 


.10  cm.  The  corresponding  values  of  wave 


vectors  q  are  much  smaller  than  the  maximum  value  of  the  wave  vector 
where  "a”  is  lattice  constant. 

Linear  terms  are  absent  in  the  expansion  of  the  relationship  Wlq), 
calculated  in  electrostatic  limit,  according  to  the  powers  of  q  with 
3mall  q  for  a  specified  direction  or  q~*0  (see  [18],  p  225^.  There¬ 
fore,  if  calculations  are  carried  out  for  q3f0  and  for  q'vlO*-  cm”*,  the 


result-  will  coincide  with  accuracy  to 


(JL\  2 


<"‘■'10  percent.  In  ell 


works  on  the  "soft"  ferroelectric  mode,  a  tot(q-*Q)  is  meant  for  q-w 
2  -2 

'VlO  cm  and  o)t(q-*0)  is  calculated  in  electrostatic  limit.  How¬ 
ever,  it  may  be  seen  from  Figure  5.5  that  when  also  tends 

to  zero.  Nevertheless,  it  should  be  remembered  that  it  is  not  worthwhile 
to  examine  the  values  of  q^^i/L  within  tne  framework  of  the  diagram 

shown  in  Figure  5.5. 

When  it  is  obvious  that  fundamental  changes  must  also 

occur  in  the  spectrum  of  polaritons.  But  this  question  has  not  as  yet 
been  investigated  in  detail. 

U.  Models  of  "Hard"  and  Polarizable  Ions 

It  follows  from  adiabatic  approximation  which  underlies  theory 
of  dynamics  of  crystal  lattices  (see  subparagraph  1  of  this  paragraph) 
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that  to  calculate  the  vibration  spectrum  of  a  crystal,  the  energy  of  the 
fundamental  electronic  state  <£(R)  should  first  be  calculated  for 
different  positions  cf  the  nuclei  R  as  the  parameters,  and  thenr  re¬ 
garding  (g{R)  as  potential  energy  for  the  motion  of  nuclei  the  force 
constants  and  components  of  Che  frequency  tensor  should  be  calculated 
and  the  equation  (5.22)  solved  for  a  set  of  values  of  q  in  Brillouin 
zone.  However,  at  the  present  time  it  is  difficult  to  carry  out  this 
program,  especially  for  crystals  of  complex  structure.  Therefore,  ap¬ 
proximate  models  are  usually  employed  for  potential  functions  describing 
the  motions  of  nuclei.  In  the  simplest  model,  potential  function 
is  considered  Co  be  corresponding  to  a  set  of  "springs"  binding  only  the 
nearest  atoms.  Such  a  model  was  used,  for  example,  in  subpa.  -aph  1  of 
this  paragraph  to  describe  the  vibration  spectrum  cf  a  linear  chain.  For 
a  rigorous  description  of  the  spectrum  of  actual  crystals  it  often  proves 
to  be  unsatisfactory  m<3  it  is  necessary  to  take  into  account  the  inter¬ 
action  with  the  following  coordination  spheres. 

As  already  noted  above,  in  ionic  crystals  electrostatic  forces 
bear  a  long-range  character.  Therefore,  Coulomb  interaction  forces  have 
to  be  taken  into  account  for  all  coordination  spheres  using  special  meth¬ 
ods  of  surwning  the  lattice  sums,  for  example  Ewalu  method  (see  paragraph 
2,  chapter  4) .  For  an  ionic  crystal  the  simplest  model  of  potential  func¬ 
tion  requires  an  examination  of  Coulomb  forces  between  the  point  ions. 

The  repulsive  forces  are  taken  into  account  only  between  the  nearest 
neighbors.  A  potential  with  a  power  or  exponential  dependence  on  the 
distance  between  atoms  is  usually  selected  for  them: 

k~  (5.44a) 


V-Dr,. 


(5.44b) 


An  exponent  equal  to  9  is  usually  selected.  The  subscripts  g* 
and  V  pertain  to  the  kinds  of  atoms.  The  repulsion  constant  ^*.y  may 
be  evaluated  in  terms  of  ionic  radii  using  Pauling  empirical  formula: 


n  0.029K?«2  ((•„  -h 


(5.45) 


Here  e  is  electron  charge  and  and  ry  are  ionic  radii  of  the 
ions  and  V  (see  [ll],  p  45). 

In  the  simplest  case  of  a  cubic  diatomic  crystal,  lattice  energy 
in  the  model  under  consideration  has  the  following  form  without  the  vi¬ 
brations  taken  into  account: 


>1 


(5.46) 


1)  Physical  cause  of  the  appearance  of  repulsive  forces  is  con¬ 
nected  in  essence  with  Pauli  principle  which  forbids  the  existence  at 
one  point  of  two  electrons  with  the  same  quantum  numbers. 


171 


Here  ,fa"  is  lattice  constant,  An  and  ei  are  dimensionless  con- 
stants  determined  by  gecmetry  of  the  lattice,  is  Ionic  charge. 

Latice  constant  "a"  may  be  determined  from  the  condition  of  potential - 
energy  minimum  (Figure  5.7). 


Figure  5.7.  Curve  of  potential  energy  cf 

the  crystal  of  lattice  constant. 

1  —  potential  energy;  2  —  Coulomb  energy; 

3  —  distance  between  ions. 

In  the  case  of  crystals  having  a  high  degree  of  ionicity  of  the 
bond  (for  example,  alkaline-haloid  crystals)  the  model  of  hard  ions 
gives  results  which  agree  qualitatively  with  experimental  data  fl9j. 

For  some  crystals  with  a  partial  fraction  of  covalent  bond  this  me- del 
should  be  modified  even  for  a  qualitative  comparison  with  the  experiment, 
by  taking  into  account  (in  the  first  approximation)  the  covalence  of 
the  bonds  through  the  introduction  of  effective  ionic  charges  which 
serve  as  the  adjusting  parameters  [13,  20]. 

A  modified  version  of  the  model  of  point  ions  may  be  used  for 
complex  structures  consisting  cf  ions  of  alkaline  metals  and  closely 
packed  atomic  groups  (for  example,  such  as  the  ferroelectrics  KH2PO4, 
NaN02»  etc.)  [21-23].  In  doing  so,  it.  calculating  the  long-range  Cculon.b 
forces  a  point  negative  charge  equai  to  the  charge  of  alkaline-haloid  ion 
and  situated  in  the  center  of  che  ion  is  assigned  to  the  atomic  groups 
constituting  an  anion,  and  the  short-range  repulsive  forces  are  intro¬ 
duced  with  the  atomic  structure  of  che  groups  taken  into  account.  In 
this  case  the  internal  (high-frequency)  vibrations  of  the  anion  are 
omitted  from  the  examination  md  only  che  relative  vibrations  of  the 
subiattices  of  cations  and  anions  as  one  who'e,  chat  are  of  the  greatest 
interest  for  ferroelectrics  are  calculated. 

For  some  of  the  alkal  ine-hr.loid  crystals  l_ 2^  ,  1>,;;  and  SrTiOq  [_25j 
the  vibration  spectra  were  calculated  with  the  aid  ot  the  so-called  model 
of  deformed  ions  examined  for  the  first  time  by  Tolpygo  and  Mashkevich 
and  then  by  Dick  and  Owerhauser  [28]. 

1)  The  constant  c*  characterizing  the  contribution  of  Coulomb 
energy  to  lattice  energy  is  called  Made  lung  constant. 

2)  It  is  also  called  shell  model. 
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According  to  chis  model  a  crystal  is  considered  to  be  consisting 
of  cores  (nuclei Mntemal  filled  electron  shells)  located  at  the  lattice 
points,  and  valence  electrons,  '.e.  the  outer  shells.  The  cores  and  shells 
are  considered  to  le  independent  subla-tices  bound  with  each  other  both 
by  the  short-range  and  lorg-range  forces.  In  such  a  description  of  the 
properties  of  a  crysc  :  account  is  taker,  of  the  interaction  between 
different  ions,  iens  and  electrons  in  the  outer  shee'.s  and  also  inter¬ 
actions  between  outer  electrons. 


5.  Shell  Model  and  Dynamic  Stability 
of  the  Lattice 


We  will  write  equations  of  motion  for  cores  and  shells. 


In  a  shell  model,  potential  energy  depends  not  only  on  the  dis- 


,1  , 


placements  of  ions  X*  but  also  on  the  displacements  of  electrons  in 
I 

the  outer  shells  SJ*  : 


.  /  n  »•  <•  >r  i  »■  n  i'  i  !»■  i  r\ 

</-«'*•*•  a w  tx'~\  ;•  +  ( 5. 47) 

+<,W+H+ 


The  following  notations  have  been  introduced  in  (5.47)  7  ind  Y 


II’ 


are  effective  charge;  ot  ions  and  outer  electrons  respectively; 


II 


II’ 


^iTk  3nd  arc  f'?rce  constant  describing  short-range  forces  be  eween 


Sik 


ions  and  between  electrons  respectively.  The  term  d 


takes 


account  of  the  interaction  of  electrons  with  their  ions,  and  the  last 
addend  is  the  total  Coulomb  interaction  of  all  electrons  ar.d  ions  of  the 

▼  T 

l  A. 

crystal;  is  electron  polarizability  of  the  ion  yui  P*  —  is  dipole 


moment  appearing  with  the  displacement  cf  electron  :  r-tative  to  its  core; 

I 

E^*”  if  a  field  acting  on  the  /*rth  ion  at  the  point  I. 


If  electron  mass  is  considered  to  be  negligibly  small  in  compari¬ 
son  with  ion  mass  (this  corresponds  to  the  circumstance  that  at  the 
frequencies  ur.der  consideration,  electron  fallows  t!  field  withou.  _ 
lag),  th.-.n  the  equations  of  motion  for  electrons  ano  ions  will  acquire 

the  following  form:  jv  1 

■> — — r. 

4Pf  I 

-  (5.48) 

•  cu 
—  — r 
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Here  is  the  mass  of  the  ^i-th  ion. 

We  will  seek  solutions  for  the  displacements  of  ions,  electrons 
and  other  quantities  connected  with  them,  in  the  following  form; 


X^  —  X*  #«<  (fX*  —  *•:), 


(5.49) 


where  U),  q  inc*  ^  are  ^recluenc^’  wavft  vector  and  wavelength 

of  the  respective  normal  vibi  ticn. 

After  a  substitution  oE  (5.49)  into  (5.48)  we  will  obtain  the 
following  set  of  equations: 

“V1fr“[2  n'>  -  «„<•?;*.  jx;  +  ^  rr;  -<•  *,o\'  ]•>;;  (5*  5°) 

o«  v  |rr;  +  i,cf;>  ,1*;  +  rv  y^c^y.]  si¬ 
ts  Lei  J 

Nofations  of  the  following  type  have  been  introduced  in  (5.50): 

h 

-  -2  wpUMfc  +  W-K*). 


The  quantities  Cr^  represent  structural  coefficients  of  internal 
field  (see  in  more  detail  [ll,  29]  and  paragraph  2,  chapter  4). 


form: 


It  is  convenient  to  rewirte  the  set  of  equations  (5.50)  in  matrix 


»  <«  +  tCx)  X  +  IT  +  jCT)  X  ' 
)  -  (t  -S-  VCi)  .V  4.  (<•  +  YCY)  S.  ) 


(5.51) 


Eliminating  $  from  the  equations  (5.51),  we  will  obtain  equations 
for  ionic  displacements: 


-  *.v. 


(5.52) 


where  is  a  matrix  --  a  component  of  "effective"  frequency  tensor  — 

having  the  following  form: 


,i;i  -IT-  s>>  )  j.  (T  +  yf  is. 


(5.53) 


The  set  (5.52)  has  nonzero  solutions  when  and  only  when 

\«!~o  (5.5t*'< 

The  secular  equation  (5.34)  is  .analogous  to  the  equation  (5.22) 
and,  thus,  shell  model  is  reduced  to  Dorn-Kanran  theory.  In  doing  so, 
it  points  out  a  physically  clear  method  for  the  calculation  of  components 
of  the  frequency  tensor  with  account  taken  of  the  long-range  and  short- 
range  forces  and  polarizabilities  of  iens.  However,  in  the  calculations 
within  the  framework  of  this  mode:  (see  below,  paragraph  3  of  this  chap- 


tor)  it  is  necessary  to  use  a  large  number  of  adjusting  parameters. 
Therefore,  at  the  first  stage  it  is  often  expedient  to  make  an  attempt 
to  interpret  the  vibration  spectrum  with  the  aid  of  simpler  models,  and 
then  pass  or,  to  several  shell  models  of  increasing  complexity,  correct¬ 
ing  the  imperfections  of  preliminary  calculations  and  achieving  a  more 
detailed  agreement  with  the  experiment,  the  way  this  was  done,  for  example, 
in  the  work  [26]  for  SrTi03. 

One  of  important  features  of  dispersion  equations  (5.54)  that 
when  q-*0  the  frequencies  of  acoustical  branches  tend  to  zero  whereas 
the  frequencies  of  optical  branches  remain,  generally  speaking,  finite 
even  in  the  case  of  infinitely  long  waves.  The  circumstance  that  when 
q=0  one  of  the  solutions  of  (5.54)  is  follows  from  the  special 

characteristic  of  all  square  matrices,  R,  T  and,  consequently,  of  the 
matrix  ^  with  this  characteristic  consisting  in  a  decrease  of  the  rank 
of  these  matrices  by  three  unities  when  q=0,  i.e.  j^>^j^s=0. 

In  particular,  this  condition  follows  directly  from  an  examination 
of  equilibrium  of  the  crystal  upon  its  translation  as  one  whole  (q=3). 
Another  important  feature  of  dispersion  equation  is  the  difference  in 
the  character  of  w(q)  of  the  transverse  and  longitudinal  vibrations,  which 
is  connected  with  the  above-mentioned  feature  of  the  macroscopic  field  E, 
with  this  feature  consisting  in  that  the  components  ot  the  field  coincid¬ 
ing  with  the  direction  of  the  propagation  of  vibrations  and  perpendicular 
to  it  substantially  differ  from  each  other.  This  mayjae  shewn  directly 
as  a  result  of  analyzing  Coulomb  terms  contained  in  4>. 

A  necessary  condition  for  stability  of  vibration  process  taking 
place  in  a  crystal  is  the  reality  and  difference  from  zero  of  all  of  its 
characteristic  frequenices.  This  condition  is  defined  by  the  secular 
equation  (5.5*.).  Naturally,  this  statement  does  not  extend  to  the  triv¬ 
ial.  solution,  i.e.  vanishing  of  the  frequencies  of  the  transverse  and 
longitudinal  v* hrs*- . r>ns  of  acoustical  branch  when  q=0.  which  describes 
extreme  case  of  vibrations,  i.e.  a  uniform  displacement  of  the  crystal. 
Complexity  or  equality  tc  zero  of  the  frequencies  of  any  one  of  the  vi¬ 
bration  modes  indicates  the  presence  of  an  aperiodic  component  ir,  the 
time  factor  of  the  solutions  (5.54).  This  is  equivalent  to  a  de¬ 
struction  of  the  lattices  or  to  such  a  change  in  its  structure  with  which 
the  vibrations  again  become  stable.  In  accordance  with  the  well-xnown 
theorem  in  f 30  1 ,  condition  for  the  existence  of  only  positive  solutions 
is  satisfied  if  .all  principal  minors  of  the  determinant  made  up  of  the 
elements  of  the  matrix  $  are  positive,  i.e. 

(5.55) 

and,  consequently,  vanishing,  of  one  of  the  principal  minors  of  in¬ 

dicates  instability  of  the  crystal  structure  in  question.  1) 

1)  It  may  be  considered  that  a  phase  transition  of  the  first  kin' 
takes  place  when  the  values  of  the  principal  minors  of  are  positive 
or  differ  little  from  zero  (compare  with  chapter  4,  paragrapn  1,  subpara¬ 
graph  2). 
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The  condition  (5. S3)  is  a  general  expression  defining  the  stability 
of  a  crystal  and  could  be  laic,  down  as  a  .basis  of  a  general  theory  of 
phase  transitions.  In  particular,  the  expression  (5.53)  was  used  by 
Thompson  to  determine  the  melting  points  in  crystals  [3 1 j -  It  is  obvious 
that  in  order  to  obtain  temperature  dependences  of  the  quantities  con¬ 
tained  in  <J>,  as  a  result  of  which  the  condition  (5.55)  will  be  disturbed 
at  a  certain  temperature,  we  ca-inot  limit  ourselves  to  a  purely  harmonic 
approximation  in  the  initial  equations.  It  should  be  noted  that  introduc¬ 
tion  of  anharmor.icity  into  thus*  equations  even  when  it  is  regarded  as  h 
small  perturbation,  leads  to  a  considerable  complication  of  the  entire 
problem  (see,  for  example,  [ 3 2 _ )  inasmuch  as  the  normalcy  (i.e.  independ¬ 
ence)  of  vibration  modes  proves  to  be,  stri"tly  speaking,  disturbed. 

In  Cochran  theory  [6,  ?j  this  difficulty  is  circumvented  by  that 
the  temperature  dependences  of  the  parameters  of  $  are  either  postu¬ 
lated  or  are  introduced  conditionally  on  the  basis  of  a  comps "ison  with 
expressions  which  follow  from  phencmenological  repiesentations.  Natur¬ 
ally,  this  reduces  somewhat  t-ns  "effectiveness"  cf  stability  condition 
and  limits  the  possibilities  of  analysis  of  m’.roscopic  mechanism  re¬ 
sponsible  for  the  appearance  of  phase  transitions  in  terms  of  dynamic 
theory.  At  the  same  time,  the  application  of  the  condition  (5.55)  is 
of  value  in  itself  even  in  a  harmonic  approximation  inasmuch  as  it  makes 
it  possible,  in  principle,  to  connect  the  vibration  spectrum  of  a  crystal 
with  the  phase-transition  points  with  these  transitions  having  a  diverse 
nature  —  they  include  melting,  transitions  connected  with  polymorphism 
of  the  crystals  and,  finally,  the  ' trro-  and  antiferroelectric  transi- 
t ions. 

To  determine  phsse-trar.s:  tioi  points  connected  with  a  change  in 
the  symmetry  of  a  crystal  it  proves  to  be  expedient  to  look  for  points 
of  distrubance  of  the  condition  (5.55)  in  conformity  with  seme  definite 
raedas  of  vibrations.  In  this  case  _t  is  possible  to  simplify  the  struc¬ 
ture  and  decrease  the  order  of  the  minors  (to  break  tnem  up  into  units). 
For  example,  for  crystals  of  cubic  symmetry,  if  vibrations  propagate  along 
one  of  the  principal  axes  of  symmetry  the  sets  of  equations  (5.52)  are 
broken  up  into  three  independent  subsets  each  one  of  which  has  an  order  s 
(two  of  them  corresponding  to  two  transverse  waves  prove  to  be  alike), 
and  accordingly,  the  order  of  the  matrix  appearing  in  each  one  of  these 
equations  is  equal  to  s«  As  will  be  seen  later,  another  advantage  of 
examining  the  disturbance  of  stability  of  the.  crystals  for  one  of  the 
modes  is  the  possibility  of  a  mere  certain  interpretation  of  the  phys¬ 
ical  mechanism  which  is  the  cause  of  a  transition.  I) 

Vibrations  cor.  -sponditig  to  acoustical  branch  dc.  not  bring  about 
an  appearance  of  electric  fields  in  «»  nonpiezoelectric  crystal  and,  there¬ 
fore,  it  is  natural  to  connect  (he  instability  of  electr’c  state  of  a 
crystal  (ferroelectric  transiti<nl  with  the  instability  of  the  system  of 
electric  oscillators,  i.e.  with  a  nonfulfillment,  of  the  condition  (5*5^) 

1)  See  paragraph  2  cf  tf is  chapter  concerning  the  methods  of  de¬ 
creasing  the  order  of  the  determinant  of  a  secular  equation  u,ing  t.,c 
group-theory  methods. 


for  frequencies  of  the  dipole  limit  optical  branch  of  the  spectrum.  Here 
the  case  of  anomolously  low  freauencies  of  the  optical  branch  is  of  the 
greatest  interest.  This  statement  playing  the  role  of  the  basic  thesis 
of  dynamilc  theory  of  ferroelectricity  is  at  the  same  time  a  "null  approx 
imation"  and,  as  will  be  clear  later,  is  valid  only  for  crystals  with 
weakly  marked  piezoelectric  properties. 


We  will  now  e-amine  dielectric  properties  of  a  crystal  in  an  exter 

nal  field  E=E^e*wc.  For  this  case  the  equation  of  shell  model  may  be 
written  in  the'  fol loving  form: 


—  («  +  iCj)  X  +  O'  -»•  tCY)  S  —  eS^i, 
o— (r-YCt)x  +  (*- 


■  o'  ■>.  *CY)S  —  cEii, 
<  +  YCY)  S  —  tEtY. 


(5.56) 


From  these  expressions  we  can  find  the  dielectric  constant 


where 


P-.-0X  +  YS). 


A  corresponding  calculation  carried  out  in  the  work  [6J  Ic  s  to 
the  following  expression  for  static  =0)  dielectric  constant  £ q: 


•>o  **  ‘a,  +  4*  —  |  Dpt  ■!>  (0) J-l  »\ 


(5.57) 


Here  z*  and  z"  are  dynamic  ionic  charges  with  the  numbers  of 
the  row  and  column  of  the  matr'x  c|>(0)  which  were  crossed  out  in  the 
calculation  of  the  principal  minor  of  It  is  clear  from  (5.57)  that 

when  Der  ^)(Q)-»0,  S-q  — *«•  Thus,  an  inference  follows  from  the  expres 
sion  (5.57)  that  an  attempt  can  be  made  to  interpret  the  anomalous  in¬ 
crease  of  £q,  i.e.  the  phase  transition,  as  a  loss  of  stability  by  the 
lattice  with  respect  co  one  of  the  normal  vibrations  whose  frequency  be¬ 
comes  imap'narv.  Such  an  approach  is  equivalent  to  the  concept  of  "soft 
mode"  examined  by  Ginzburg.  This  concept  was  already  discussed  in  the 
introduction  to  this  chapter  and  will  be  examined  in  detail  in  paragraph 
t*  which  will  also  examine  the  question  of  the  role  cf  anharmonic  ity  of 
vibrations.  This  role  is  extremely  important  ' n  describing  a  ferroelec¬ 
tric  transition.  Application  of  the  expressions  (5.52-5.5-)  is  illus¬ 
trated  in  paragraph  *  using  simple  examples. 


6.  Apr-1  icatioi,  of  Theory  to  Crv 
With  Piezoelectric  Fropert 
in  Svnsnetrical  Phase 


An  attempt  was  made  in  the  work  to  apply  the  representat i ens 
of  dynamic  theory  to  ferroelectrics  with  a  more  complex  symmetry  than 
cubic  crystals  and  having  a  strong  piezoelectric  effect  in  paraeiectric 
region. 
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One  of  important  features  of  this  case  is  the  necessity  of  examin¬ 
ing  vibrations  with  a  wave  vector  q=£0.  This  is  connected  with  the  inter¬ 
action,  characteristic  of  piezoelectrics,  of  waves  belonging  to  acoustical 
and  optical  branches  of  the  spectrum,  0  Thus,  the  discussion  concerns  an 
attempt  to  examine  dielectric,  elastic  and  piezoelectric  anomalies  from 
a  single  point  of  view,  i.e.  in  terms  cf  stability  of  a  crystal  lattice. 

Theory  of  electroelastic  properties  of  crystals  was  developed  by 
Born  and  Huang  [llj  on  the  b~sis  of  a  model  of  hard  ions.  Later,  their 
theory  was  refined  by  Cowley  [33]  who  included  in  the  examination  effects 
connected  with  electron  polarization.  However,  for  the  purposes  of  this 
examination  it  proves  to  be  possible  to  limit  ourselves  to  a  model  of  hard 
ions.  Neglecting  of  electron  oolai. 4 zabil ity  of  ions  is  reflected  chiefly 
on  the  results  of  quantitative  evaluations.  In  doing  so,  qua • itative 
characteristics  of  a  crystal  change  immaterially.  In  this  case,  the 
equation  <*>2mX=$X  -  zE  contains  the  matrix  ^=R  +  zCz  and  E  —  a  columnar 
matrix  the  elements  of  which  represent  the  amplitude  of  depolarizing  macro¬ 
scopic  field  equal  for  longitudinal  waves  propagating  in  a  diatomic  crys¬ 
tal  to  -4jCP). 

The  matrix  ^  is  expanded  into  a  series  with  respect  to  q: 

2  +  (5.58) 

*  4k 

is  a  matrix  having  an  order  of  3s  x  3s  and  a  rank  of  (3n  -  3)  (i.e. 

q=0). 

Next,  a  matrix  is  constructed.  The  elements  of  this  matrix 

satisfy  the  conditions  that  H^£  if  ^=1  and  *v=l: 

«F«m  — 

Tk 

The  elements  of  the  rei.sors  of  elastic  constants  cfk£ra*  di- 
electric  susceptibility  and  piezoelectric  constants  eiy  are 

expressed  in  terms  cf  the  elements  cf  the  matrices  and  H  in  the 
following  manner: 


where 


j(j. 

!“•  H - 


(5.59) 


piezoelectric  constant 


(5.60) 


1)  Examination  of  vibrations  with  q*£0  is  also  necessary  in  de¬ 
scribing  an  antiferroelectric  transition. 
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and  dielectric  susceptibility 


*<»”T  (5.61) 

P* 

Each  one  of  the  summations  given  here  ’.s  done  over  all  elements  of 
the  matrix  with  the  other  indices  being  constant,  i.e. 


The  matrix  H  is  connected  with  the  frequencies  and  amplitudes 
of  normal  vibrations  in  the  following  manner: 

2(«,r5*r  (5.62) 

Here  the  summation  is  done  over  all  of  the  normal  modes  of  vibra¬ 
tions  (j— 1,  2,  3  for  q=0  are  emitted  inasmuch  as  they  correspond  to  the 
three  acoustic  modes). 

Formula  (5.62)  makes  it  possible  to  express  the  elements  of  the 
matrix  H  in  terms  of  the  frequency  of  normal  vibrations.  If  it  is 
assumed,  as  before,  that  owing  to  a  weak  temperature  dependence  (i.e. 
anharmonicity)  instability  occurs  for  any  one  of  the  modes  j=f  when 
q-*0,  then  -0)  near  the  transition  as  in  the  case  of  nonpiezo¬ 

electric  cubic  crystals,  while  the  elements  of  the  matrix  <t>°  and  the 

values  of  xf"  remain  approximately  constant.  Taking  into  account  (5.62) 
and  the  circumstance  that  the  element  of  the  matrix  <£°  dependent  on 
(T  -6)  is  contained  in  the  expressions  for  cik£m  and  eikt,  an  infer¬ 
ence  should  be  drawn  that  the  separate  elements  of  these  tensors  will 
follow  Curie-Weiss  lav  in  the  transition  region. 

For  illustration,  the  properties  of  a  diatomic  cubic  crystal  of 
the  zinc-blende  (ZnS)  type  are  examinedin  L7]*  Crystals  of  this  structure 
are  characterized  by  three  different  eLastic  constants  cjj,  c^  and 

cl4*  by  a  dielectric  constant  of  a  fixed  crystal  and  of  a  free 

crystal,  and  by  one  piezoelectric  constant  e^.  As  in  the  case  of  non- 
piezoelectric  crystals,  conditions  with  which  a  ferroelectric  transition 
will  be  observed  can  be  obtained  by  an  appropriate  selection  of  the 
constants  characterizing  the  interaction  of  lattice  elements  and  of  the 
coefficients  before  anharraonic  terms.  A  new  circumstance  in  comparison 
with  the  results  set  forth  above,  is  the  necessity  of  taking  here  into 
account  the  piezoelectric,  effect  in  paraelectric  phase,  i.e.  taking  into 
account  the  interaction  of  optical  and  acoustic  modes  of  vibrations. 

In  this  scheme  and  essential  difference  is  the  following.  In  the  case 
under  consideration  the  equation  (5.40)  is  formulated  as  follows: 


-  IT?  - 


(5.63) 


Dielectric  constant  of  a  fixed  crystal  consisting  of  hard  ions 
is  defined  by  the  expression  (see  in  greater  detail  in  [7]): 


*  ^  4*  A* 

I  —  4*  (i|}>/i#eu  * 


with  cJA. 

E  D 

The  quantities  c^  and  and  the  piezoelectric  constant 

are  defined  by  the  relationships: 

.*;/s+2.96i—  2«(«;  «-2)(i.2— (5.64) 

'*  -  7T  [*•  C  -  '■»  4-  + «« (*;  *  *>  (<>•«>  V  T  i)’(4-)]  *.  (  5. 6  5) 

,  »l«<  («:  +  2)  rs.03  (»,)«  1  ] 

to  l  o/f,  2  *J* 

Here  Rq  is  the  constant  of  interaction  between  the  ions  of  Zn  (l) 
and  of  S  (2)  with  q-0;  V  is  defined  as  a  ratio  of  the  force  constants 

d>12 

^  Rxy  H  Rxy 


Figure  5.8.  Qualitative  temperature  depend¬ 
ence  of  the  quantities  c|^  and  ^  for  a 
model  of  a  ferroelectric  with  piezoelectric 
properties. 

If  the  force  constants  are  such  that  C0t  in  the  equation  (5.63) 
differs  little  from  zero  and  that  owing  to  anharmonicity  in  transition 

region  2 

i  -««(.•  +  2)  <«;)  ^ 

“  —  ®). 

then  substituting  this  expression  into  (5.63)  and  then  into  (5.64)  agd 
(5.65)  it  can  be  shown  that  at  a  certain  temperature  the  quantity  c^ 
must  vanish  and,  consequently,  with  a  decrease  of  temperature  tha  crys¬ 
tal  becomes  unstable  with  respect  to  the  transverse  acoustic  nr  >  '.e  before 
it  becomes  unstable  with  respect  to  the  transverse  optical  mo  v'*igure 
5.8). 

In  Dr;.,ciple,  using  an  appropriate  selection  of  the  constants  of 
a  crysta'  it  is  possible  to  "design"  a  transition  in  which  crystals,  in 
particular  those  of  ZnS,  will  exhibit  antiferroeiectric  properties.  For 
this  purpose  it  is  necessary  to  assume  [7J  that  the  instability  of  the 
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transverse  optical  mode  takes  place  when  q=  hr~  (which  corresponds  to 

4Q 

the  motion  of  like  Ions  toward  each  other  over  one  lattice  spacing). 

This  type  of  transition  may  materialize  if  the  temperature  at  which 

it  is  ue  observed  proves  to  be  considerably  higher  than  @  (compare  with 

chap;-:  ,  paragraph  4,  subparagraph  3).  Such  a  situation  apparently 

aris  a  NH4H2PQ4.  According  to  the  data  of  Nagamija  [34]  an  antiferro- 
electric  transition  of  this  crystal  may  ba  defined  from  the  standpoint 
of  his  examination  as  instability  with  respect  to  the  mode  of  vibrations 
having  a  lower  frequency  than  the  ferroelectric  mode. 

Application  of  representations  on  the  mechanism  of  a  ferroelectric 
transition  on  the  basis  of  displacement  of  ions  co  hydrogen-containing 
ferroelectrics  (for  example,  Seignette's  salt  and  KH2PO4)  leads  to  a 
number  of  difficulties.  It  might  be  assumed  that  the  double  transition 
in  Seignette's  salt  is  connected  with  the  situation  examined  above  when 
the  crystal  has  two  transition  points  one  of  which  is  brought  about  by  a 
strong  piezoelectric  effect  (see  paragraph  3,  chapter  3),  i.e.  by  in¬ 
stability  with  respect  to  acoustic  mode  of  vibrations.  However,  at  the 
present  time,  physical  mechanism  of  ferroelectric  transition  in  these 
crystals  is  as  yet  insufficiently  clear  (see  also  paragraph  3  of  this 
chapter). 


Par.  2.  Group-Theory  AnaTysis  of  Vibration  Spectra  in  Crystals 


Calculations  of  vibration  spectra  of  actual  crystals  are  connected 
with  considerable  -difficulties.  In  addition  to  a  large  amount  of  calcula¬ 
tions  these  difficulties  are  brought  about  by  insufficient  information  on 
potential  function  of  a  crystal.  The  last  is  especially  essentia1  for 
farrcelectrics  representing  chiefly  crystals  with  a  complex  structure  and 
a  large  number  of  atoms  in  the  unit  cell. 

The  results  of  calculations  of  vibration  spectra  may  greatly  de¬ 
pend  on  the  model  used,  with  the  simple  models  proving  to  be  insufficiently 
effective  in  a  number  of  cases;  on  the  other  hand,  in  complex  models  it 
is  necessary  to  introduce  a  large  number  of  ad* isting  parameters  which 
impair  the  reliability  of  theory.  Because  of  this,  results  which  can  be 
obtained  on  the  basis  of  general  principles  without  resorting  to  concrete 
models  and  tc  the  approximation  connected  with  them,  acquire  special  sig¬ 
nificance. 

Such  results  may  be  obtained  first  of  all  with  a  consistent  taking 
into  account  of  the  crystal  synsnetry  using  group-theory  methods.  Group- 
theory  approach  affords  the  following  possibilities. 

a.  It  ui2kes  it  possible  to  predict  the  number  of  bands  in  a  vibra¬ 
tion  spectrum  for  a  specified  value  of  the  wave  vector  q,  the  multiplicity 
of  degeneration  of  the  bands,  the  character  of  their  polarization  and  the 
types  of  splittings  in  the  case  of  minor  changes  in  the  wave  vector. 
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b.  Using  che  projection  operators  it  is  possible  to  find  at  the 
singular  (symmetrical)  points  of  Brillouin  zone  l)  the  symmetry  coordi¬ 
nates  the  linear  combinations  of  which  are  normal  vibrations*  in  this 
manner  che  mode  of  normal  vibrations  is  determined  directly  in  a  number 
of  important  particular  cases  (see  paragraph  3  of  this  chapter). 

c.  The  determinant  of  secular  equation  (5.22)  at  the  symmetrical 
points  of  Brillouin  zone  can  be  reduced  to  a  product  of  several  deter¬ 
minants  of  lower  order.  This  makes  the  calculations  considerably  easier 
making  it  possible  in  a  number  of  cases  to  obtain  results  in  analytical 
form  even  for  complex  crystals. 


d.  Group-theory  analysis  also  makes  it  possible  to  follow  up  a 
change  in  vibration  spectra  (i.e.  to  predict  a  charge  in  the  number  of 
lines  and  the  splitting  of  the  bands)  in  the  case  of  phase  transitions 
and  external  actions  on  a  crystal. 

e.  For  displacement-type  transitions,  in  particular  for  ferro¬ 
electric  transitions,  using  the  concept  of  "soft  mode"  it  is  possible  to 
limit  the  class  of  possible  changes  —  predicted  by  I.andau  theory  —  in 
the  symmetry  of  a  crystal  during  a  phase  transition. 


1.  Principles  of  Group-Theory  Analysis 
of  Vibration  Spectra  ir<  CrysLals 

Group-theory  analysis  of  vibration  spectra  is  based  on  the  circum¬ 
stance  that  each  normal  v’bration  is  transformed  in  accordance  with  an 
irreducible  repressntati  ,n  of  a  symmetry  group,  with  the  multiplicity  of 
the  degenerat  .a  of  a  vibration  being  equal  to  the  dimensionality  of  the 
representation  -.sue,  for  example,  [35,  36]).  Therefore,  for  a  group- 
theory  analysis  it  is  necessary  to  find  the  characters  of  reducible  rep¬ 
resentation  according  to  which  the  entire  assemblage  of  normal  vibrations 
is  transformed  for  a  specified  value  of  the  wave  vector  q  (such  a  re¬ 
ducible  representation  is  called  mechanical  representation)  and  it  is  also 
necessary  to  expand  the  mechanical  representation  into  irreducible  rep¬ 
resentations  of  the  wave-vector  group. 

The  characters  or  a  mechanical  representation  may  be 

found  from  simple  geometrical  considerations.  With  a  turn  by  r.n  angle 
about  the  z-axis  the  coordinates  y  end  z  of  Cartesian  system  are 
transformed  in  accordance  with  the  following  rule: 


Y  *in f. 
f - . X  «in f  +  y  cot. 
»—Z. 


(5.66) 


l)  Basic  concepts  connected  with  irreducible  representations  of 
3pace  groups  and  projection  operators  are  set  forth  in  brief  form  in 
chapter  6  v1  ;re  references  to  respective  literature  tire  also  given. 


182 


(5.67) 


ass. EBgagggg 


With  a  minor  turn  by  an  angle  we  have: 


*  —  Jfco*?  —  y  co»  f . 
y»*  -  ■:  ri'wfi 

i  *«  — z. 


The  traces  of  the  matrices  (5.66)  and  (5.67)  are  equal  to  1+2  cos  tp 
and  -1+2  cos  (p  respectively.  Taking  also  into  account  that  translations 
to  the  lattice  vector  Ah  (here  %  is  a  matrix  of  the  base  vectors  of 
the  lattice)  in  an  irreducible  representation  of  a  space  group  (see  chap¬ 
ter  6)  corresponds  to  a  multiplication  by  exp  -  iq£h» we  obtain  [36]: 


X,  (/)-!±l  +2fojT)2#)l*'M,,> 


(5.68) 


Here  the  group  element  g^^S  where  t^  is  a  "nonelementary  trans¬ 
lation"  (i.e.  translation  over  a  portion  of  the  lattice  spacing)  and  S 
is  a  turn  or  a  mirror  turn.  The  plus  sign  corresponds  to  a  turn  and  the 
minus  sign  --  to  a  mirror  turn;  nh  indicates  tne  numbers  of  atoms  in  a 
unit  cell  with  number  zero,  which  passed  into  the  unit  cell  h  under  the 
action  of  the  symmetry  element  g  without  changing  their  number. 

After  the  characters  of  mechanical  representation  have  been  cal¬ 
culated  the  numbers  raqp  of  the  normal  vibrations  tran  formed  in  accord¬ 
ance  with  irreducible  representation  of  -Tqp  of  the  wave-vector  group 
Gq»  can  be  found  using  the  following  formula: 


x,  w  *,;«>• 

* 
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Here  Nq  is  the  order  of  the  group  Gq>  Xqp^)  is  the  char“ 
acter  corresponding  to  the  element  g  in  the  irreducible  representa- 
t;on  of  Tqp: 


(5.70) 


where  ^p  is  the  corresponding  character  of  a  loaded  irreducible  rep¬ 
resentation.  The  characters  of  loaded  representations  for  all  irreduc- 
representations  of  the  space  groups  are  given  in  the  monograph  [37], 

Compatibility  relationships  (they  are  also  sometimes  called  cor¬ 
relation  relationships)  ar*  also  found  in  group-theory  analysis.  These 
relation*-!  ips  show  the  change  in  irreducible  representations  in  accordance 
with  which  normal  vibrations  are  transformed  with  such  a  small  change  in 
the  wave  vector  q  that  its  group  changes.  Compatibility  relationships 
define,  in  particular,  the  adhesion  or  splitting  of  the  branches  of  vlbra- 
spectrum  with  a  cl+.ige  in  q. 
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In  order  to  determine  them  it  is  necessary  to  calculate  the  numbers 
mqp,  q'p'  which  show  how  many  times  the  irreducible  representation  is 
contained  in  the  representation  -r  : 


•W-*-  2  *,,<*> 


(5.71) 


Relationships  similar  to  (5.71)  also  make  it  possible  to  follow 
a  change  in  vibration  spectrum  in  phase  transitions  in  the  case  when  a 
symmetry  group  of  one  of  the  phases  is  a  subgroup  of  a  symmetry  group 
of  another  phase. 

For  cxample}  for  the  limit  normal  vibrations  such  an  investigation 
is  reduced  to  a  calculation  of  the  numbers: 


"/r“v2 


(5.72) 


Here  N  is  the  order  of  the  point  group  of  a  low-symmetry  phase,  and 
j  and  j1  are  the  numbers  of  irreducible  representations  of  the  sym¬ 
metry  groups  Gn  and  Gc  of  the  high-symmetry  and  low-symmetry  phases 
respectively. 

The  problem  of  change  in  vibration  spectrum  in  the  case  of  an 
external  action  on  the  crystal  is  reduced  in  essence  to  the  preceding 
problem  if,  in  accordance  with  Curie  principle,  we  mean  by  the  symmetr 
group  of  a  crystal  in  the  presence  of  an  external  influence  a  group 
consisting  of  symmetry  elements  common  for  the  crystal  and  external  in¬ 
fluence. 

Examples  of  using  the  relationships  (5.71)  and  (5.72)  will  be 
given  in  paragraph  3  of  this  cl.'.pter.  Paragraph  3  is  devoted  to  the 
analysis  and  calculation  of  vibration  spectra  of  concrete  ferroelectric 
crystals. 


2.  Sy»snetry  Coordinates  and  Sp.itting  of 
Secular  Equation  at  the  Symmetric  Points 
of  Hrillouin  Zone 

Initial  equations  of  Born-Karman  theory  (see  5.20) 

i  iii- 


(5.73) 


are  written  in  Cartesian  coordinate?  of  displacements  of  all  atoms  of  a 
crystal.  However,  c  substitution  of  the  following  form 


xt-x7 


(5.74) 


i.e.  making  use  of  translation  symmetry  cf  the  lattice  makes  it  possible 
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to  reduce  the  initial  system  of  equations  of  the  order  of  3Ns,  where  3Ns 
is  the  number  of  degrees  of  freedom  of  the  crystal,  to  a  set  of  systems  of 
equations  of  the  order  of  3s  where  s  is  the  number  of  atoms  in  a  unit 
cell  for  N  values  of  the  wave  vector. 

Accordingly,  a  secular  equation  of  the  order  of  3Ns  which  could 
have  been  wrifen  for  the  initial  system  f 5. 73)  is  split  into  N  secular 
equations  of  an  order  which  is  smaller  by  N  times.  This  splitting 
proved  to  be  possible  because  we  (using  the  language  of  group  theory) 
passed  on  from  a  coordinate  system  in  which  crystal  symmetry  was  not 
taken  into  account,  to  coordinates  transforming  in  accordance  with  the 
irreducible  representations  of  a  symmetry  group  --  in  the  case  in  ques¬ 
tion  in  accordance  with  irreducible  representations  of  a  translation 
group.  The  fact  that  the  coordinates  X*(q)  are  transformed  in  accord¬ 
ance  with  irreducible  representation  of  the  translation  subgroup 

can  be  easily  proven  by  a  direct  verification. 

Thus,  the  basic  property  of  the  crystals  common  for  all  of  them  — 
translation  synmetry,  is  automatically  taken  into  account  in  Born-Karraan 
theory.  However,  the  point  symmetry  the  elements  of  which  will  remain 
for  the  wave  vectors  q  at  the  symmetric  points  of  Brillouin  zone,  is 
different  for  different  crystals  and  different  values  of  q  and  it  can 
be  taken  into  account  during  concrete  calculations.  Projection  operators 
should  be  used  to  determine  the  symmetry  coordinates  (see  chapter  6). 

After  all  of  the  symmetry  coordinates  have  been  found,  bearing  in  mind 
that  normal  vibrations  which  are  transformed  in  accordance  with  the 
irreducible  representation  under  consideration,  are  a  linear  combina¬ 
tion  of  the  respective  symmetry  coordinates,  sorvj  conclusions  concerning 
the  mode  of  normal  vibrations  may  be  drawn  in  a  number  of  cases  without 
a  calculation. 

In  particular,  if  only  one  normal  vibration  is  transformed  in  accord¬ 
ance  with  the  irreducible  representation  in  question,  its  mode  will  coin¬ 
cide  with  the  respective  symmetry  coordinate  with  accuracy  to  the  normal¬ 
ization  constant. 

If  we  pass  on  from  the  base  of  the  coordinates  X^(q)  to  the 
base  of  symmetry  coordinates  which  take  point  symmetry  into  account, 
then  the  secular  equation  (5.22)  of  the  order  of  3s  for  the  determina¬ 
tion  of  v  bratiou  frequencies  of  the  crystal  with  a  specified  q  ma* 
decompose  into  units.  Each  unit  will  be  related  to  a  certain  irreducible 
representation,  and  the  order  of  the  unit  will  be  equal  to  the  number  m^ 
(see  j_3dj)  of  normal  vibrations  which  are  transformed  in  accordance  witn 
the  irreducible  representation  in  question.  To  split  the  secular  equation 
the  matrix  §>(q)  of  the  components  of  the  frequency  tensor  should  be 
subjected  to  a  unitary  transformation: 

(5.  /5) 

Here  L>  is  a  transformation  jsatrix  which  brings  about  the  transition 
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to  the  base  of  the  symmetry  coordinates,  ^  0  ^  is  a  matrix  which  is 

transposed  and  is  a  complex  conjugate  with  respect  to  0. 

Examples  of  using  symmetry  coordinates  in  the  calculation  and  anal¬ 
ysis  of  vibration  spectra  of  ferroelectrics  will  be  given  ir.  paragraph  3  of 
this  chapter.  For  the  time  being  we  will  note  that,  for  example,  in  the 
calculation  of  vibration  spectrum  for  a  simplified  model  of  KH2PO4  by 
means  of  a  transformation  of  (5.75)  it  was  possible  to  obtain  analytical 
formulas  for  vibration  frequencies  even  from  a  12tb-orGer  secular  equation 


3.  Selection  Rules 

Selection  rules  which  determine  whether  a  given  normal  vibration 
till  appear  1.1  infrared  spectra  or  Ranan  spectra  are  based  on  a  general 
tneorem  [39]  according  to  which  the  integral  taken  from  a  function  which 
is  transformed  in  accordance  with  a  non-unit  irreducible  representation 
of  2  group  over  the  entire  configuration  space  is  identically  equal  to 
zero. 

It  follows  from  this  theorem  that  for  a  fu  ction  F  relating  to 
a  reducible  representation  X  ;  $Fdv  will  be  nonze-o  only  in  the  case 
if  X  contains  a  unit  representation. 

We  will  apply  these  results  to  obtain  selection  rules  for  infrared 
absorption  the  intensity  of  which  in  lor.g-vave  approximation  [40]  *s  de¬ 
fined  by  the  square  of  the  modulus  of  the  matrix  element  of  the  dip>  a 
moment: 

—  vib]  •  1  (5.76) 

Here  Vjvib  and  &v<b  ‘jre  anJ  dr-a‘  wave  fur  .tions 

of  vibratory  states.  The  integrand  of  the  matrix  element  (5. /6)  is  trans¬ 
formed  in  accordance  with  the  following  representation: 

.  (5.77) 

(2) 

where  Xs  and  X'  '  are  irreducible  representations  in  accordance 
with  which  4?2vib  an°  ^lvib  r'svectively  are  transformed,  '  is  a 

vec  .or  representation  in  accordance  with  which  the  dipole  moment  d  is 
transformed.  For  the  activity  of  the  ^lvib — *^2vib  transition  it 

is  necessary  that  X  contain  a  unit  representation  or  (which,  as  can  be 
shown,  is  the  same)  that  T^x  y  contain 


— -  N 

1)  It  is  convenient  to  take  as  U  a  rectangular  matrix  correspond¬ 
ing  to  symmetry  coordinates  only  for  one  irreducible  representation  se¬ 
lected.  Then,  as  a  result  of  transformation  of  (5.73)  we  will  obtain  a 
unit  of  secular  equation  Mated  to  the  specified  irreducible  representa¬ 
tion  [35‘J. 
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Diagonal  matrix  elements  require  special  examination.  In  this 
case  there  is  only  one  set  of  wave  functions  and  their  products  in  .pairs 
realize  the  so-called  symmetric  product  of  the  representations  [(T*)]^ 
[39]  and  not  a  direct  product  of  ti  x  xi.  Therefore,  for  the  presence 
of  diagonal  elements  it  is  necessaiy  that  the  unit  representation  be  con¬ 
tained  in  the  product  of: 


(5.78) 


As  an  example  »>  will  examine  selection  rules  for  the  first-order 
Infrared  spectra  in  wnich  vibrations  with  a  wave  vector  q=0  appear. 

If  a  transition  takes  place  from  the  fundamental  (completely 
symmetrical)  state,  then  it  follows  from  (5.77)  that  the  irreducible 
representation  in  question  is  "active"  in  the  infrared  spectrum  if  it 
is  contained  in  vector  representation,  i.e.  if  one  cr  several  vector 
components  are  transfo.-med  in  accordance  with  it. 

In  a  similar  manner  it  can  be  shown  that  if,  neglecting  the  ab¬ 
sorption,  the  tensor  of  polarizability  of  the  crystal  is  considered  to 
be  symmetric,  then  irreducible  representations  which  are  contained  in 
[v;  ■  will  i-!>  "active"  ir.  the  first-order  Raman  spectrum. 

After  tarrying  out  a  mure  detailed  analysis  and  determining  pre¬ 
cisely  which  component  of  polarizability  tensor  is  transformed  ir.  accord¬ 
ance  with  a  given  irreducible  representation,  it  is  possible  to  predict 
in  a  number  of  cases  the  polarization  of  scattered  radiation  by  the  sym¬ 
metry  of  normal  vibration  and  vice  versa.  In  the  next  paragraph  this 
method  will  be  explained  using  the  Raman  spectrum  of  the  ferroelectric 
NaN02  as  an  example. 

4.  Group-Theory  Analysis  of  Limit  Tipole 
Vibrations  in  Ionic  Crystals 

The  standard  group-theory  analysis  does  not  take  into  account  the 
dependence  of  the  limit  dipole  vibrations  on  the  direction  of  the  wave 
vector  q-<»0.  At  the  same  time,  examination  of  this  dependence  may  mate¬ 
rially  change  the  interpretation  of  the  bands  of  vibration  spectra  in 
ionic  crystals.  To  take  this  dependence  into  account  in  group-theory 
analysis  the  limit  dipole  frequencies  should  be  classified  according  to 
irreducible  representations  of  the  wave-vector  group  whereas  the  non- 
dipole  limit  vibrations  are  classified,  as  before,  according  to  the 
irreducible  representations  with  qSQ  [4i], 

In  order  to  carry  out  a  group-theory  analysis  of  dipole  limit  vi¬ 
brations  for  a  given  direction  of  q~*0  it  is  convenient  to  carry  out 
first  the  standard  group-theory  analysis  for  qS.0  and  then  make  use  of 
compatibility  relationships  for  irreducible  representations  of  the  point 
group  that  arc  active  in  infrared  spectra.  However,  it  should  be  taken 
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into  account  that  the  degree  of  splitt’’"g  may  prove  to  be  smaller  than 
that  predicted  by  grout  theory*  Thus,  in  ionic  cubic  diatomic  optically 
isotropic  crystals  the  thrice  degenerated  frequency  of  dipole  vibration 
is  split  by  the  macroscopic  field  into  an  undegenerated  frequency  of  longi¬ 
tudinal  vibration  and  twice  degenerated  frequency  of  the  transverse  ■■•ibra- 
tion.  These  frequencies  do  not  depend  on  the  direction  of  q-*0  >  .reas 

group  theory  formally  predicts  for  the  whole  (nonsymmetric )  direction  of 
q  a  splitting  into  three  undegenerate  vibrations.  In  addition  to  this, 
it  does  not  follow  from  group-theory  considerations  that  the  frequencies 
of  respective  vibrations  must  coincide  for  wave  vectors  not  belonging  to 
one  star.  However,  in  less  symmetrical  crystals  such  a  classification 
proves  to  be  more  adequate  to  reality.  This  is  shown,  for  example,  by 
n.merical  calculations  for  crystals  of  mtile  structure  [13],  which  com¬ 
pletely  tit  into  the  scheme  of  procedure  given  above. 

More  detailed  data  on  normal  vibrations  can  be  obtained  by  deter¬ 
mining  the  '.ymmetry  coordinates  with  the  aid  of  projection  operators.  To 
determine  symmetry  coordinates  of  dipole  vibrations  with  a  specified 
direction  of  q-fO  symmetry  coordinates  should  first  be  found  with  the 
aid  of  projection  operators  for  irreducible  representations  with  q=0, 
and  then  a  "secondary  projection"  should  be  carried  out  by  applying  to 
the  symmetry  coordinates  obtained  the  projection  operators  for  irreducible 
representations  with  a  given  wave  vector  q.  The  advantage  of  such  an 
approach  consists  in  that  it  does  not  affect  at  all  the  symmetry  coordi¬ 
nates  of  nondipole  vibrations  for  which  the  usual  procedure  is  applicable. 
With  the  aid  of  symmetry  coordinates  it  is  possible  to  determine  the  char¬ 
acter  of  dipole  limit  vibrations  (longitudinal,  transverse  or  mixed)  and  also 
set  up  tranr formation  matrices  and  split  with  their  aid  the  secular  equa¬ 
tion  for  determining  the  vibration  fraquencies  (see  subparagraph  2  of 
this  paragraph). 

5.  Limitations  Imposed  on  Possible  Changes 
in  Symmetry  in  the  Case  of  Phase 
Transitions  of  Displacement  Type 

;andau  thermodynamic  theory  of  phase  transitions  of  the  second 
kind  limits  the  class  of  possible  changes  in  symmetry  in  the  case  of  a 
phase  transition  (sec  paragraph  2,  chapter  3).  H  wever,  as  » ointed  out 
in  the  work  in  transitions  of  displacement  type  when  'be  "order" 

parameter  Is  connected  with  the  "soft  mode"  on.,  more  limitation  should 
b®  irposed  on  the  irreducible  representation  accounting  for  the  phase 
transition:  it  must  be  contained  in  mechanical  representation. 

If  a  phase  transition  is  not  connected  with  the  formation  of  super¬ 
structure,  i.e.  it  takes  place  without  a  change  in  the  number  of  atoms  in 
the  unit  cell,  then  this  mechanical  representation  corresponds  to  the  wave 
v  ctor  q=0.  We  will  note  that  for  ferroeiectrics  in  which  transition 
tc.t.  s  place  due  to  instability  with  respect  to  the  limit  dipole  vibration 
the  irreducible  representation  connected  with  the  transition  must,  con- 
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sequently,  be  contained  in  the  vector  representation  (see  subparagraph  3 
>f  this  paragraph)  and  in  this  manner  additional  1  imitations  imposed  by 
the  "soft  mode"  on  the  change  in  symmetry  in  the  case  of  phase  transition 
coincide  with  the  limitations  imposed  by  Curie  principle. 

Par.  3.  Calculations  of  Vibration  Spectra  of  Actual  Ferroelectric  Crystals 

As  already  underscored  above,  calculation  of  vibration  spectra  of 
actual  ferroelectric  crystals  is  connected  with  great  difficulties  due 
to  which  the  calculation  of  a  vibration  spectrum  with  the  aid  of  a  shell 
model,  for  example,  one  which  requires  introduction  of  a  large  number  of 
parameters  is  worthwhile  chiefly  in  those  cases  when  experimental  dis¬ 
persion  curves  £0(q)  were  obtained  with  the  atd  of  slow— neutron  scatter¬ 
ing.  Then,  using  models  of  different  degree  of  complexity  it  is  possibla 
to  achieve  reliable  interpretation  of  vibration  spectra.  Unfortunately, 
it  was  possible  to  put  such  a  program  into  practice  only  for  strontium 
titanate  [26j  owing  to  the  fact  that  it  proved  to  be  possible  to  obtain 
sufficiently  large  and  pure  single  crystals  and  study  them  with  the  aid 
of  neutron  spectroscopy.  For  a  number  of  other  ferroelectrics  (BaTiOg 
[43,  44].  KH2P04  [21,  22],  [45-48J,  UeU02)  [23,  49]  only  a  group-theory 
analysis  of  the  vibration  spectrum  was  made  and  comparatively  simple  mod¬ 
els  for  the  limit  normal  vibrations  were  calculated. 

1.  Perovskites  (BaTiOg,  SrTiOg) 

A  unit  cell  of  crystals  with  perovskito  structure  (SrTiOj,  BaTiC>3, 
etc.)  is  shown  in  Figure  5.9a.  The  space  group  of  the  crystal  in  cubic 
phase  is  0^  (Pm3m),  in  tetragonal  phase  —  ?4v  (P4n*n)  and  in  rhombic 
phase  --  CJ>v  Pram2).  The  results  of  grcuD-theory  analysis  for  the  limit 
normal  vibrations  [43,  44,  50]  are  given  in  Table  8. 

Selection  rules  indicate  that  vibrations  of  the  type  F9u  and 
B-  (for  Cqv)  are  forbidden  in  infrared  spectra,  and  F^u  and  F2u  — 
in  Raman  spectra.  In  the  case  under  consideration,  analysis  of  symmetry 
coordinates  makes  it  possible  to  determine  unambiguously  the  -code  of  the 
vibration  F2u  (Figure  5.9b). 

Compatibility  relationships  for  a  phase  transition  from  a  cubic 
to  tetragonal  modification  have  the  following  form: 

Flu*Al  +  E* 

F2u»Bi  +  E. 

The  dependence  of  the  frequencies  of  dipole  vibrator:,  on  the  direc¬ 
tion  of  changes  the  group-theory  classification  for  the  vibrations 

Fju  (cubic  phase),  Aj  and  E  (tetragonal  phase)  and  Aj,  Bj  and  B2  (rhom¬ 
bic  phase).  For  vibrations  of  the  type  Flu  this  dependence  will  amount 
to  their  spli-.ting  into  a  longitudinal  (undegenerated)  and  a  transverse 
(twice  degenerated)  vibration. 
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Table  8 

Results  of  Group-Theory  Analysis  of  the  Limit 
Formal  Vibrations  for  Crystals 
With  Perovskite  Structure 
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NOTE.  Irreducible  representations 
in  accordance  with  which  none  of 
the  normal  vibrations  of  crystals 
with  perovskite  structure  are 
transformed  are  not  given  in  the 
table. 
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Figure  5.9.  Normal  vibrations  of  the  type  p2u 

for  crystals  with  perovskite  struc¬ 
ture. 

a  —  a  unit  cell  of  crystals  with  perovskite  struc¬ 
ture}  b  —  mode,  of  normal  vibration  F2U  for  crystal 
Lattice  of  perovskite  type. 

We  will  pass  on  to  the  results  of  numbericai  calculations.  Cowley 
[26]  examined  six  different  models  for  describing  lattice  vibrations  in 
SrTiC>3»  including  a  mods!  of  "hard”  ions.  The  parameters  of  the  model 
were  determined  by  means  of  an  adjustment  to  experimental  data  using  the 
nonlinear  method  of  least  scares.  In  this  process,  eight  adjustment 
parameters  are  used  in  the  model  of  ’’hard"  ions,  and  in  the  simplest  of 
the  shell  modfais  —  fourteen. 
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The  model  cf  "hard"  ions  (model  1)  leads  to  considerable  divergences 
with  the  experiment.  Therefore,  a  number  of  refinements  are  suggested: 
a)  the  short-range  forces  are  taken  into  account  not  only  between  the 
neighboring  ions  but  also  with  the  layer  cf  ions  following  the  nearest 
layer  (model  2) j  b)  effective  ionic  charges  are  varied  (model  3);  c)  po¬ 
larizability  not  only  of  the  negative  but  also  of  the  positive  ions  is 
introduced  (models  4,  5,  6). 

Each  one  of  these  models,  2  and  3  and  4,  5,  6  contains  the  pre¬ 
ceding  model  and  complements  it. 

As  should  have  been  expected,  models  with  the  highest  numbers  in 
which  the  largest  number  of  parameters  are  varied  give  the  best  coinci¬ 
dence  with  the  experiment.  In  this  case,  when  the  values  of  the  dielec¬ 
tric  and  elastic  constant  approach  those  of  the  experiment  it  is  also 
possible  to  obtain  a  fair  coincidence  for  the  dispersion  curve  (Figure 
5.10). 


4-  Bet«eSsi  Semtpf 


Figure  5.10.  Calculated  and  measured  Cowley  [26]  dis¬ 
persion  curves  for  SrTi03* 

Voiid  curves  correspond  to  model  4  and  broken  curves  — 
modei  5. 

12 

Key:  i  —  Frequency  of  10  cps;  2  —  Longitudinal; 

3  --  Transverse;  4  —  Wave  vector  "cf. 


However,  some  atomic  parameters  of  the  lattice  have  values  which 
are  difficult  to  explain  from  physical  standpoint.  As  supposed  in  [26], 
this  contradiction  may  be  removed  if  not  only  the  dipole  but  also  the 
quadrupole  moments  are  taken  into  account  for  highly  polarizable  ions 
(chiefly  negative  ions). 

An  important  inference  from  the  results  of  the  calculations  on  the 
basis  of  different  models  is  that  merely  an  insignificant  change  in  the 
parameters  of  short-range  forces  with  the  charges  and  polarizabilities 
of  the  ions  being  invariable,  greatly  affects  the  results  of  the  calcula¬ 
tion.  This  confirms  the  supposition  following  from  theory  that  an  insig¬ 
nificant  temperature  dependence  of  interaction  constants  with  an  exact 
balance  of  the  short-  ana  long  ran^ a  forces  may  bring  about  a  high  temper¬ 
ature  dependence  of  low-frequency  transvetse  optical  vibrations. 

We  will  pass  on  to  a  discussion  of  the  results  of  calculations  of 
the  vibration  spectrum  of  barium  titanate.  Attempts  at  these  calcula¬ 
tions  were  undertaken  in  the  work  [44]  for  a  model  of  "hard"  ions.  Elec¬ 
tron  polarizabilities  of  the  ions  were  also  taken  into  account  (phenomeno¬ 
logically,  and  not  within  the  framework  of  a  shell  model)  in  the  calcula¬ 
tions.  The  covalence  of  the  bonds  was  taken  into  account  by  an  introduc¬ 
tion  of  effective  ionic  charges. 

Vibrations  of  ions  are  described  by  the  following  equation: 

V*f +  CK>*»;  (»«*°). 


where  R?T  are  constants  characterizing  the  short-range  forces  of  ions 


and  --  structural  coefficients,  as  in  (5.50). 


ik 


The  values  of  Rj*p  are  calculated  from  the  known  representation 
of  interaction  potential  [ll]  (see  4.50). 

Substitution  of  the  values  of  the  charges  (zTi=4,  zBa~2,  z0= 
into  these  expressions  leads  to  a  result  that  among  frequencies  which  are 
solutions  of  dispersion  equation,  some  prove  to  be  imaginary,  or  in  other 
words,  a  purely  ionic  crystal  proves  to  be  unstable  inasmuch  as  a  strong 
Coulomb  interaction  of  sublattices  is  not  balanced  by  short-range  forces. 
Therefore,  overlaps  of  electron  shells  are  introduced:  z'^z^  where  r  is 
an  empirical  coefficient.  However,  in  this  case,  solution  proves  to  be 
stable  when  r<|0.1619.  A  value  of  polarization  Ps  understated  by  more 
than  one  half  in  comparison  with  the  experiment  corresponds  to  this  value 
of  r. 

It  is,  therefore,  understandable  that  in  the  future  it  would  be  of 
interest  to  undertake  attempts  at  the  calculations  of  the  vibration  spec¬ 
trum  of  BaTiOj  for  more  realistic  models. 


a 
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2,  Potassium  Dihydrogen  Phosphate  'KH^PO^) 

Theoretical  investigations  of  the  vibration  spectrum  of  KH2PO4  [22] 
were  undertaken  in  two  directions:  1)  group-theory  analysis  oi  the  entire 
vibration  spectrum  and  determination  and  analysis  of  symmetry  coordinates 
for  a  value  of  the  wave  vector  cpO  both  for  paraelectric  and  for  ferro- 
f’ectric  modification  [45,  48];  2)  numerical  calculation  of  the  frequen- 
c  es  of  normal  limit  (q=0)  translation  vibrations  (a  region  of  compara- 
ttvely  low  frequencies  of  up  to  200  cm"1)  [21,  46]  and  calculation  of  the 
r*'  itive  amplitudes  of  displacement  of  particles  in  these  modes  [47]. 

A  group-theory  analysis  of  vibration  spectrum  was  carried  out  in 
the  work  [45]  for  paraelectric  modification  of  KH2PO4,  i.e.  the  numbers 
of  branches  of  vibration  spectrum  and  multiplicities  of  degeneracy  of  the 
frequencies  of  normal  vibrations  corresponding  to  different  irreducible 
representations  for  singular  (symmetric)  points  of  Brillouin  z  ne  were  de¬ 
termined  and  compatibility  relationships  making  it  possible  to  judge  the 
adhesion  or  splitting  of  the  branches  of  vibration  spectrum  with  such  a 
change  or  the  wave  vector  q  when  its  group  changes  were  also  obtained. 

A  similar  calculation  was  carried  out  in  the  work  [48]  for  lew-temperature 
modi ficacion. 

In  accordance  with  Ginzburg— Andarron— Cochran  theory,  direct  in¬ 
formation  concerning  the  c,iicroraechanism  of  a  ferroelectric  transition  can 
be  obtained  from  speccroscopic  studies  of  limit  normal  vibrations.  This 
accounts  for  the  special  importanca  of  the  study  and  interpretation  ot 
Raman  spectra  and  infrared  spectra  of  the  first  order  for  ferroelectrics. 
Therefore,  a  more  detailed  analysis  was  made  for  the  limit  normal  vibra¬ 
tions  of  KDP. 

In  a  number  of  cases,  long-wave  normal  vibrations  of  a  crystal  can 
be  approximately  divided  into  external  and  internal  vibrations  of  molecu¬ 
lar  or  ionic  complexes.  Although  the  legitimacy  of  such  a  division  is  not 
obvious  in  advance,  the  fact  that  in  oifferent  crystals  isomorphous  to 
KH2PO4  the  sane  bands  are  observed  in  Raman  spectra  in  the  region  of  in¬ 
ternal  vibrations  of  O^K)/)"1  ions  indicates  that  for  crystals  with  the 
KH2PO4  structure  this  approximation  is  reasonable.  In  their  turn,  from 
the  external  vibrations  of  the  ions  of  (H2PO4)"1  it  is  possible  to  sepa¬ 
rate  their  orientational  and  translational  motions.  The  results  of  a 
group»theory  analysis  made  on  ch?.  basis  of  identification  of  the  limit 
normal  vibrations  with  the  internal,  orientational  and  translational 
vibrations  of  (H2FO4)'  ions  are  given  ir.  Table  9. 

To  obtain  more  detailed  data  on  normal  limit  vibrations  both  for 
ferroelectric  [43]  and  for  paraelectric  modification  [45],  symmetry  coor¬ 
dinates  —  linear  combinations  of  particle  displacements,  transformed  in 
accordance  with  a  given  irreducible  representation  were  obtained  with  the 
aid  of  Melvin  [51  j  projection  operators.  Analysis  of  symmetry  coordinates 
indicates  that  separation  of  normal  vibrations  into  internal,  orientational 
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Tabic  9 


Results  of  Group-Theory  Analysis  of  Normal  Limit 
(q=0)  Vibrations  in  Ki<2K)4  on  the  Basis  of  Their 
Identification  With  Internal,  Orientation;* '  and 
Translational  Vibrations  of  (H2PO4)"  Inns 
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NOTE,  n  >s  the  total  number  of  vibrations  trans¬ 
formed  in  accordance  with  a  given  irreducible  rep¬ 
resentation;  nj,  T->»  Tq  and  R  are  the  numbers  of 
Internal  vibrations,  acoustic  and  optical  transla¬ 
tions  and  orientations  respectively. 


and  translational  vibrations  is  a  priori  not  rigorous  although  as  noted 
above  it  can  serve  as  a  reasonable  approximation  for  a  preliminary  inter¬ 
pretation  cf  the  spectrum.  With  the  aid  of  symmetry  coordinates  it  is 
possible  to  obtain  transformation  matrices  for  splitting  the  secular  equa¬ 
tion  from  which  the  frequencies  of  normal  vibrations  are  found  similarly 
to  the  way  this  was  done  in  the  works  j  21,  46,  47]  for  a  simplified  model. 
However,  an  obstacle  for  a  numerical  calculation  which  in  principle  woulj 
make  it  possible  to  interpret  Raman  spectra  and  infrared  spectra  of  the 
first  order,  is  the  as  yet  insufficient  knowledge  of  potential  function 
of  the  crystal. 

Group-theory  analysis  predicts  that  for  a  ferroelectric  modifica¬ 
tion,  45  lines  must  show  in  the  first-order  Raman  spectrum  (34  lines  in 
the  infrared  spectrum)  and  for  a  paraeiectr  iC  modification  —  28  and  18 
lines  respectively.  But  in  the  experiments  on  Raman  effect  [52]  27  well- 
defined  bands  were  found  for  paraelectric  modification  out  of  which,  ac¬ 
cording  to  the  interpretation  of  che  authors  of  the  work  [52],  only  18 
lines  correspond  to  fundamental  frequencies;  36  lines  ere  observed  below 
the  point,  out  of  which  a  portion  of  the  bands  also  corresponds  to  com¬ 
posite  frequencies.  However,  if  it  is  assumed  that  the  correlation  be¬ 
tween  protons  scarcely  splits  the  frequencies  of  normal  vibrations,  then 
it  follows  from  the  analysis  of  symmetry  coordinates  that  above  Curie 
point  23  lines  must  show  ir.  Raman  spectrum  and  below  Curie  point  —  36 
lines.  This  agrees  better  with  the  experimental  data.  It  is  possible 
that  Raman  spectrum  obtained  in  the  work  >.52]  is  not  entirely  complete 
and  thus  the  supposition  that  correlation  between  protons  scarcely  splits 
the  frequencies  of  normal  vibrations  cannot  be  considered  to  have  been 
proven. 
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We  will  note  that  (from  the  standpoint  ">f  Cinr.burg- -Anderson  — 
Cochran  theory;  ferroelectric  vibration  in  kH2^°4  corresponds  to  irraduc- 
ible  representation  of  .Aj  Uelow  Curie  point  and  '  irreducible  representa¬ 
tion  of  32  above  Curie  point.  This  agrees  with  th.  schematic  mode  of 
ferroelectric  vibration  assumed  by  Cochran  for  KH2FO4  [?j. 

A  more  detailed  comparison  of  results  obtained  in  group-theory 
analysis,  with  the  experiment  requires  further  experimental  studies  of 
Raman  spectra  and  infrared  spectra  of  KK4FO4,  in  particular  a  study  of 
polarization  lines  and  temperature  dependence  cf  intensities  and  half- 
widths-. 


Neutron  diffraction  analysis  shows  that  the  structure  of  KH2PO4 
crystals  may  be  regarded  as  consisting  ot  i^ns  of  1C^  and  groups 

53].  This  also  finds  a  certain  confirmation  in  spectroscopic  studies  2 

52J.  A  unit  cell  of  paraelectric  modification  of  Kli2?04  for  the  respec-  j 

tive  model  is  shown  in  Figure  lia  and  a  unit  cell  cf  ferroelectric  mod-  j 

ification  —  in  Figure  lib.  j 

At  the  singular  points  of  Brillouin  zone,  to  determine  the  vibra-  j 

tion  frequencies  the  secular  equation  may  be  split  into  several  simpler  3 

equations  the  orders  of  which  are  determined  from  group -theory  analysis.  J 

For  this  purpose,  transformation  matrices  are  constructed  out  of  the  J 

coefficients  at  the  base  functions  in  orthoncmalized  symmetry  coordinates  | 

corresponding  to  the  -jiven  irreducible  representation  and  then  the  matrix  § 

<5  of  the  components  of  frequency  tensor  is  transformed  in  accordance  I 

with  the  foliowing  -ule  [33]  (see  subparagraph  2>  paragraph  2  of  this  | 

chapter):  2 


MggHBWgPWMWWPi'BBCTBPBP 'W^ -  -,  A =»•  •  — " 


Here  is  a  transformed  secular  matrix  having  a  unit  form;  the 
transformation  matrix  IT*"  is  a  transposed  matrix  complexly  conjugate  to 
IT.  For  the  KH2PO4  model  used  the  splitting  of  secular  equation  and  numer¬ 
ical  calculation  [21,  46]  were  carried  out  for  a  q^O  along  the  tetra¬ 
gonal  axis.  In  doing  so,  to  calculate  the  long-range  Coulomb  forces  the 
(H2PO4)”  groups  were  assigned  a  unit  negative  charge  and  repulsive 
forces  were  taken  into  account  only  between  1C-  ions  and  the  nearest 
oxygen  atoms. 


Table  10 

Calculation  of  Frequencies  (in  cm-5’)  of  Transla¬ 
tional  Normal  Vibrations  in  KH2PO4 
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NOTE.  The  3rd  and  4th  columns  represent  compat¬ 
ibility  relationships  characterizing  the  behavior 
of  the  spectrum  during  a  phase  transition.  The 
following  relationships  exist  in  addition  to  those 
shown  in  the  table:  Aj(Tj)-*  A^fr^) ;  * 

The  results  of  the  calculation  are  summarized  in  Table  10  where 
they  are  compared  with  the  data  on  the  first-order  Pamar:  spectrum  [52j. 
Agreement  with  experimental  data  is  sufficiently  good.  The  frequency 
A£  for  ferroelectric  modification  turns  out  to  be  imaginary.  This  in- 
cates  incorrectness  of  the  model  of  potential  used,  for  describing  the 
respective  normal  vibration.  We  will  also  note  that  theory  predicts 
unobserved  splitting  of  the  frequencies  E',  E"  and  E'1'  which  could 
have  been  clearly  detected  by  means  of  measurements  in  polarized  light. 

Apparently  the  model  used  for  numerical  calculations  may  be 
utilized  in  the  calculation  of  translation  spectra  both  of  the  crystals 
isomorpheus  co  KKtP04  and  of  the  other  crystals  consisting  of  ions  of 
alkaline  metals  and  molecular  or  ionic  complexes  approaching  in  form 
spherical  complexes.  Examples  of  such  crystals  may  be  provided  by 
Na2S04,  K2SO4,  K2PO4,  etc. 

The  calculation  which  was  carried  out  makes  it  possible  not  only 
to  interpret  Raman  spactra  in  the  region  of  comparatively  low  frequencies 
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Figure  5.12.  Normal  Translational  Vibrations 
in  KH2POv 

a  —  above  Curie  point;  b  --  below  Curie  point. 
Small  circles  indicate  K*  ions  and  large  circles 
indicate  ions  of  the  (H2PO^)  group;  black  circles 
indicate  particles  lying  in  xy  plane  and  white 
circles  —  those  at  the  c /4  level.  Displace¬ 
ments  along  the  x-  and  y-axes  are  indicated  by 
arrowheads;  displacements  in  the  positive  direc¬ 
tion  of  z-axis  are  indicated  by  plus  sign,  and  in 
the  negative  direction  -'by  minus  sign.  The  -..um¬ 
bers  in  parentheses  indicate  the  respective  fre¬ 
quencies  in  cm*1. 


but  also  to  find  the  mode  of  the  respective  normal  vibrations.  For  this 
purpose,  frequencies  determined  from  the  secular  equations  obtained  should 
be  substituted  into  equations  of  motion  written  for  symmetry  coordinates 
of  translational  vibrations,  and  these  equations  should  then  be  solved. 
Figures  5.12a  and  5.12b  show  normal  translational  vibrations  in  KH2POi, 
for  paraelcc.tric  and  ferroelectric  modifications  respectively  and  give 
the  frequencies  corresponding  to  them  [47].  The  character  of  the  change 
ir,  normal  translational  vibrations  in  KH2P04  during  a  phase  transition 
may  be  graphically  seer,  from  a  comparison  of  the  figures. 

3.  Sodium  Nitrite  (NaNCj) 

Difficulties  of  understanding  the  phenomenon  of  ferroelectricity 
at  the  microscopic  level  are  brought  about  f.o  a  large  degree  by  the  com¬ 
plexity  of  the  structure  of  ferroelectric  crystals  which  represent  struc¬ 
tures  containing  complex  groups  of  atoms  tightly  bound  with  each  other. 
Because  of  this,  the  great  interest  of  researchers  in  a  new  ferroelectric 
NaN02  having  a  comparatively  simple  structure  is  understandable  [54], 
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Figure  5.13.  The  structure  of  NaN02 
below  Curie  point. 

According  to  the  data  of  x-ray  [55]  and  neutron  [56]  diffraction 
studies,  at  temperatures  below  Curie  point  (0=1.63°C)  the  structure  of 
NaNC>2  belongs  to  the  group  C^  .  A  unit  cell  is  shown  in  Figure  5.13. 
The  results  of  a  group-theory  analysis  of  vibration  spectrum  of  NaNC>2 
are  summarized  in  Table  11  from  which  it  may  be  seen  that  all  optical 
vibrations  are  active  in  Raman  spectrum.  Vibration  of  the  A2  type  is 
inactive  in  infrared  spectrum. 


Table  11 

Group-Theory  Analysis  of  Normal  Limit 
Vibrations  in  NaNC>2 
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NOTE.  The  numbers  of  normal  vibrations 
transformed  in  accordance  with  the  given 
irreducible  representation:  n  --  the  to¬ 
tal  power;  T,  T',  R,  n!  --  the  numbers 
of  acoustic  and  optical  translations, 
orientations  and  internal  vibrations  re¬ 
spectively;  tensor  components. 

A  method,  described  below,  which  while  having  a  high  illuminating 
power  and  simplicity  in  comparison  with  the  usual  procedure  at  the  same 
time  makes  it  possible  ia  the  case  under  consideration  to  determine  un¬ 
ambiguously  the  symmetry  t,pe  of  vibration  lines  was  used  in  the  works 
[23,  57j  for  the  interpretation  of  an  experimental  vibration  spectrum 
of  NaN02  obtained  by  the  method  employing  Raman  effect. 
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Figure  5. 1**.  Paroan  spectra  of  NaNC>2 

a  —  the  region  of  low-f requer.c>  vibrations  of  the 
crystal  (v  is  he  direction  of  observation,  z-axis 
is  parallel  to  the  height  of  tb»»  monochromator  slit); 
b  —  the  region  of  1,000-1,500  cm“^.  Letters  indi¬ 
cate  different  orientations  of  the  crystal  in  accord¬ 
ance  with  Figure  5.14b. 

A  sample  of  cubic  form  with  edges  parallel  to  crystallographic  axes 
a,  b  and  c  was  placed  on  the  axis  of  the  lann  and  illuminated  with  natural 
light.  A  po’aroid  passing  a  component  of  light  with  the  electric-field  E 
vector  parallel  to  the  height  of  the  monochromator  slit  was  installed 
on  the  path  c'.  scattered  ! ight.  A  coincidence  of  polarization  planes  of 
the  polaroid  and  of  the  monochromator  lattices  was  achieved  with  such  an 
arrangement.  This  permitted  a  most  complete  utilization  of  the  mono¬ 
chromator  illuminating  power.  Six  spectrograms  (Figures  5, l4a  and  5.14b) 


with  the  orientations  of  the  crystal  shown  in  Figure  5.14a  were  obtained 
under  these  conditions. 


Intensities  of  spectral  lines  expected  under  the  conditions  of  the 
experiments  are  given  in  Table  12.  Orientation  of  the  crystal  in  accord¬ 
ance  with  Figure  5.13a  is  shown  in  the  first  column  of  the  table.  The 
symbol  0  indicates  that  with  the  orientation  in  question  the  tine  must 
have  aero  intensity;  the  symbols  4^  indicate  nor.zevo  intensities. 

As  may  be  seen  from  the  table,  the  1  in?  of  each  symmetry  type  is  character¬ 
ized  unambiguously  by  a  certain  set  of  the  symbols  0  and  The 

interpretation  of  the  vibration-spectrum  bands  obtained  in  this  manner  is 
given  in  Table  13. 

Figure  5.15  shows  symmetry  coordinates  obtained  with  the  aid  of 
projection  operators.  On  the  basis  of  their  analysis  and  also  on  the 
basis  of  the  study  of  relative  intensities  of  spectral  lines  and  a  com¬ 
parison  of  Raman  spectra  of  the  crystal  and  aqueous  solution  it  is  pos- 
siole  to  draw  qualitative  conclusions  concerning  the  mode  of  normal  vibra¬ 
tions  in  XaNOj  (Table  13). 

It  follows  from  the  examination  of  experimental  data  and  group- 
theory  analysis  of  the  spectrum  that  apparently  a  separation  of  lattice 
vibrations  into  internal,  orientational  and  translational  vibrations  of 
the  hi*2  anion  is  brought  about  to  a  high  degree  in  a  crystal  of  XaNC^* 
Because  of  this,  :t  appears  possible  to  calculate  the  frequencies  of 
translational  vibrations  for  a  simple  model  similar  to  that  used  for  the 
calculation  of  low-frequency  vibration  spectrum  of  KH2PO4.  In  this  case, 
to  take  into  account  the  long-range  forces  it  is  only  necessary  to  know 
the  effective  charge  of  the  entire  NO-!  group.  Apparently  this  charge  may 
be  assumed  to  be  equal  with  good  approximation  t.o  the  electron  charge. 

In  such  a  simplified  model  the  long-range  forces  are  taken  into  account 
by  a  substitution  of  NO^  groups  with  point  charges  located  at  a  distance 
of  +b/2  from  sodium  cations.  The  short-range  repulsive  forces  ars  taken 
into  account  only  between  sodium  cations  and  t^e  nearest  oxygen  atoms 
using  Pauling  formula. 

The  results  of  the  calculation  are  given  in  Table  13  where  they 
are  compared  with  e\pe.rimental  data.  It  may  be  seen  from  the  table 
that  the  model  used  is  satisfactory  for  the  irreducible  representation  of 
Bj.  The  considerable  intensity  of  the  band  of  220  era”!  (B2)  makes  its 
assignment  to  the  mixed  or  orientational  type  of  vibrations  more  probable. 
It  will  be  possible  to  form  a  better-grounded  judgement  concerning  the 
suitability  of  the  model  only  after  obtaining  a  more  complete  scattering 
spectrum. 

An  anomalous  lowering  of  the  frequency  i*}(B^)=t53  cm  *  during  a 
phase  transition  was  observed  in  Raman  spectrum  of  XaX02*  This  vibration 
was  interpreted  on  the.  basis  of  group-theory  considerations  and  polariza¬ 
tion  neasu reenters ts  as  an  orientational  vibration  of  NQj!  anion  about  tue 
a-axis,  of  the  B\  type.  This  interpretation  leads  to  an  inference  that 
the  tsicromechanisro  of  ferroelectric  transition  in  a  crystal  of  NaNO?  con¬ 
sists  in  re-crientation  of  *10 2  groups  -about  tie  a-axis 


Table  13 


Vibratio*..  Spectrum  of  a  Ferroelectric 
Crystal  of  NaN02 


577  8 

2»B,  (.*-*) 

MS  <*„».> 

iase }  *«■  **-i 

1337  (A,.  **.) 


815  (AJ 
12*0(8,} 
1333  (A  J 
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NOTE.  Frequencies  are  expressed  in  cm“l; 
or.  —  ox  iem  at* onal  vibration  ebrut  b-axis; 
o.t.  —  optical  translational  vibration  of 
NO^  complex  with  respect  to  N*  cation  along 

c-axis;  in.  —  internal  vibration  of  NO^ 
anion.  All  bands  showing  in  Raman  spectrum 
of  aqueous  soli  ~ i  ?n  correspond  to  internal 
vibrations  of  s\)5  a  ,ion. 

Key:  (1)  Experiment  (4)  Calculation  of  optical 

(2)  Crystal  translational  frequen- 

(3)  Aqueous  solution  cies 

Results  of  a  group-theory  analysis  of  the  vibration  spectrum  of 
NaNO^  for  all  symmetric  points  of  Brillouin  zone,  and  also  results  of  a 
group-theory  analysis  of  the  limit  dipole  frequencies  with  account  taken 
of  their  dependence  on  the  direction  of  q-»0  may  be  found  in  the  work 
[58]. 


Par.  4.  Physical  Mechanism  of  Ferroelectric  Transition  and 
Crystal.  Lattice 


.•naraics  of 


Equations  obtained  in  paragraph  1  make  it  possible  to  formulate  in 
a  sufficiently  general  form  the  stability  conditions  for  lattice  vibrations 
and  determine  relationships  connecting  dielectric  constants  £g  and  Coo 
and  the  frequencies  of  normal  vibrations.  However,  physical  mechanism 
responsible  for  the  initiation  of  a  phase  transition  is  determined  in  this 
case  only  to  the  extent  to  which  the  initial  mode’  of  the  crystal  has  been 
concretised.  Within  the  framework  of  the  model  used  in  the  derivation  of 
the  basic  relationships  the  question  of  why  at  a  certain  temperature  a 
disturbance  of  the  condition  (5.55),  i.e.  a  phase  transition,  takes  place 
remains  unexplained.  Consequently,  it  is  necess-*ry  to  focus  attention  on 
those  properties  of  a  shell  model  which  can  explain  the  appearance  of 
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ferroelectric  anomalies,  i.e,,  speaking  in  the  language  of  dynamic  repre¬ 
sentations,  it  is  necessary  to  determine  the  possible  causes  of  the  loss 
of  dynamic  stability  of  the  lattice  in  a  ferroelectric.  At  the  same  time, 
it  is  of  interest  to  exaraine  certain  features  of  dynamic  characteristics 
of  a  ferroelectric  in  the  phase  transition  region  1  it  a  greater  detail  and 
as  far  as  possible  on  the  basis  of  not  excessively  complex  representations. 


1.  Concept  of  "Soft  Mode"  and  Anhamonicity 
of  Lattice  Vibrations 

Proceeding  from  formulas  i5. 5G)-(5. 52}  for  a  shell  model  we  will 
examine  the  force  constants  fo~  the  simplest  case  of  a  diatonic  cubic 
lattice  (for  example.  NaCl,  KJ,  etc.)  [6]. 

,  4JT 

For  the  limit  (q— >0)  transverse  waves  the  field  factors  0.,= -T-” 

Ci2=  and  the  force  constant  is  reduced  to  the  following  form: 

— - - g - -  ; 

In  the  case  of  longitudinal  waves  Cjj 


(5.80) 


*  2)  (»*5> 

•t-  *+ - - • 


(5>3i) 


The  well  known  relationship  between  polarization  and  dipole  moments 
brought  about  by  ionic  displacements  was  used  tn  the  derivation  of  these 
forau!?.s,  l.*4. 


+  2 

3v 


ezx 


and  z  indicates  in  this  case  effective  dynamic  charges. 


Thus,  examining  conditions  for  one  of  the  principal  minors  of  »£> 
becoming  zero,  w*  ccrae  to  the  following  condition  for  transverse  vibr  - 
Cions:  . 


- - & 


(5.82) 


It  may  be  perceived  from  (5.81)  that  in  principle  does  not 

vanish.  The  physical  sense  of  the  condition  (5.82)  is  obvious  and  cor¬ 
responds  to  the  results  of  Devonshire--Slater  theory  (see  paragraph  4, 
chapter  4):  the  sign  of  the  phase  transition  is  the  equality  of  the 
short-range  forces  tending  to  return  the  displaced  ion  to  the  initial 
position,  and  long-range  electric  forces  conducive  to  a  displacement  of 
the  ion.  This  relationship  is  sometimes  called  ferroelectric-activity 
criterion  [59,  60].  In  order  that  become  zero  and  that  in  accord¬ 

ance  with  formula  (5.40)  £q  change  with  temperature  according  to  Curie- 
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Weiss  law,  it  is  sufficient  to  assume  that  in  the  transition  region  the 
quantity 


i  — 


««  («»  4  (fcTl- 
VP/  , 


(5.83) 


where  0  is  Curie  temperature. 

This  relationship  (see  also  paragraph  4,  chapter  4)  can  be  obtained 
by  different  methods.  It  is  sufficient  to  assume  that  any  one  of  the 
quantities  contained  in  the  second  terra  of  (5.83)  varies  as  1+OfT  where 
OtT  is  a  small  quantity  in  comparison  with  unity.  However,  Slater  [61 J 
shewed  that  temperature  coefficients  of  volume  expansion  and  too  are 
too  small  and  that  the  only  reasonable  explanation  of  the  relationship 
(5.83)  can  be  obtained  if  it  is  assumed  that  Rq  depends  on  the  ampli¬ 
tude  of  ionic  displacement,  i.e.  by  assuming  that  vibrations  of  at  least 
some  of  the  ions  of  a  ferroelectric  have  a  marked  enharmonic  character. 

The  same  relationship  of  the  coefficient  characterizing  the  restoring 
force  which  actson  the  displaced  ion  is  also  used  in  Devonshire-»Slater 
theory  [61,  62j,  and  in  this  subparagraph  the  model  used  in  dynamic  theory 
hardly  differs  from  the  model  cf  .enharmonic  oscillators.  However,  the 
difficulty  consists  In  that  the  introduction  of  anharmonicity  directly 
into  a  dys.cn' ic- theory  system  considerably  complicates  the  prob¬ 
lem  even  if  noni  terms  .‘.re  regarded  as  a  small  perturbation.  In 

this  part,  such  a  .•.‘‘luticn  o."  it  proves  to  be  effective  and  -igoicus 
with  which  dynamic  rep reianta Liens  are  combined  with  the  methods  of 
statistical  physics  (see  subparagraph  2  of  this  paragraph). 

In  doing  so,  as  a  result  of  utilising  thermodynamic  perturbation 
theory  (see  also  chapter  4,  paragraph  4,  subparagraph  2  and  [5/1)  it  is 
oossible  to  reduce  a  system  of  nonlinear  oscillators  to  an  equivalent  sys¬ 
tem  of  harmonic  oscillators  with  a  certain  new  effective  force  constant 
which  linearly  depends  on  temperature,  i.e.  Rgff-Rod  +  *T).  Substi¬ 
tuting  these  expressions  into  (5.80)  we  will  obtain  the  necessary  rela¬ 
tionship  ”  0)*  At  the  temperature  0  when  the  restoring  force 

Rgf  is  equal  to  Coulomb  force  the  crystal  becomes  unstable  and  as  a 
result  of  a  rearrangement  of  the  lattice  a  new  structure  is  formed  which 
is  characterized  by  >.he  presence  of  a  spontaneous  electric  mcment.  A 
calculation  of  constants  entering  Che  equation  (5.82),  with  the  use  of 
atomic  parameters  of  the  lattice  of  NaCi,  CsCl,  etc.  j_6, 2- j  indicates 
that  for  alkali  haloid  crystals  the  value  of  R  is  approximately  twice 
as  large  as  that  of  the  second  addend.  In  other  words,  the  lattice  of 
halogens  proves  to  be  coo  rigid,  the  vibrations  of  ions  insufficiently 
anharmonic  and  polarizabil ities  insufficiently  high  for  the  start  of  a 
mutual  compensation  of  electric  and  restoring  forces,  which  was  discussed 
above. 


For  ferroelectrics  these  relationships  prove  to  be  different.  In 
this  case,  the  cosf f i  :ients  of  internal  field  are  sufficiently  large  for 
the  limit  ferroelectr ic  transverse  vibration  and  the  value  of  R  is,  on 
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the  contrary,  small  and  is  characterized  by  a  strong  temperature  depend¬ 
ence  owing  to  marked  anharraonicity.  As  a  result  of  this,  the  condition 
(5.82)  is  :ealized.  The  so-called  soft  mode  of  vibrations  of  a  ferroelec¬ 
tric  is  p\s>o  reduced  to  these  qualitative  representations.  It  should  be 
noted  that  these  representations  cannot  be  considered  to  be  a  specific 
attribute  of  dynamic  theory.  In  the  language  of  theory  of  anharmonic 
oscillators,  stability  condition  will  be  written  in  the  following  manner: 


(5.84) 


(for  notations  see  subparagraph  1,  paragraph  4,  chapter  4).  Apart  from 
the  difference  in  notations  this  formula  coincides  with  (5.82).  The 
coefficient  in  front  of  for  BaTi02  is  several  times  higher  than 

for  halogens  whereas  the  assumption  of  relative  freedom  and  a  marked  an- 
hanronicity  of  displacements  of  titanium  ion  makes  it  possible  to  con¬ 
sider  the  force  constant  ’'a"  to  be  a  small  quantity  and  the  ratio 


3^  +  2b2 


sufficiently  large.  Therefore,  the  condition  (5.84)  can  be 


realized  for  BaTi02* 

A  physical  pattern  very  close  to  the  representations  conceding 
tht  "soft  mode"  nu.y  be  oocained  on  the  basis  of  thermodynamics. 

As  far  back  as *1949,  V.  *  .  Ginzburg  showed  that  in  the  case  of  a 

phase  transition  of  the  second  kind  of  displacement  type  (or  of  the  first 

kind  approaching  critical  point)  the  frequency  of  or.e  of  vibrations  of  the 
crystal  lattice  must  become  zero  [l]  ,  namely  the  frequency  of  that 

vibration  which  is  connected  with  the  changes  in  the  order  parameter  of 
Landau  thermodynamic  theory. 

Ginzburg  proceeded  from  an  interpretation  of  quadratic  term 

in  the  expansion  of  thermodynamic  potential  with  respect  to  the  pow¬ 

ers  of  (see  3.2)  as  a  generalized  elastic  energy. 

Such  an  interpretation  is  confirmed  by  the  circumstance  that ^he 
equilibrium  value  of  3\=T\q  is  determined  from  the  condition  =0, 

i.«,  (see  3.8).  This  coincides  with  the  equilibrium  condi¬ 

tion  for  an  anharmonic  oscillator: 

-$■ -{-  jw  ™  o,  (5,85) 

and  must  be  warranted  for  transitions  of  displacement  type  in  the  case  of 
which  *v^  is  simply  connected  with  a  displacement  of  crystal  sublattices. 

1)  Only  a  ferroelectric  transition  of  the  second  kind  wes  examined 
in  the  work  [l]  (see  also  [2,  3J)  but  as  noted  in  the  work  [3],  the  ap¬ 
proach  developed  in  [l,  2]  remains  valid  for  any  phase  transitions  of 
displacement  type. 
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For  small  fluctuations  of  the  order  parameter 
we  find  from  (5.85)  the  following  near  the  equilibrium  value  of  'VVqS 


^7  (47)  + *  57  (iTi)  +  —  o. 


With  a  T>0 
With  a  T<0 


n.— 0;  «}— 7" 


«  .  2|.|  2»i <•-*■) 

* - 7:  — T“* — ? — ' 


(5.86) 


(5.87) 


(5.88) 


The  linear  dependence  of  the  "soft  mode"  ^  on  Q  -  T  may  be 
connected  with  the  use  of  the  approximate  expansion  (3.2)  but  the  fact 
itself  of  one  of  the  frequencies  of  optical  vibrations  becoming  zero  (cr 
at  least  the  fact  of  an  anomalous  decrease  of  it)  at  the  point  of  trans¬ 
ition  of  displacement  type  apparently  does  not  give  rise  to  doubt. 

The  parameter  fx>  may  be  expressed  in  terms  of  a  reduced  mass  of  a 
vibration  with  a  frequency  £0^  and  effective  dynamic  charge  of  the 
"soft  mode": 

m 

P“2(« )*  ,Y* 

where  N  is  the  number  of  particles  in  a  unit  of  volume. 

If  the  dipole  moment  of  the  crystal  changes  in  the  case  of  displace¬ 
ments  corresponding  to  the  frequency  then  polarization  may  be  se¬ 
lected  as  the  parameter  (we  will  recall  once  more  that  with  transi¬ 

tions  of  displacement  type  '*Vk'displacement  of  sublattices),  and  the 
respective  phase  transition  will  be  a  ferroelectric  transition. 

In  this  case,  the  calculation  of  dielectric  constant  with  (5.86)- 
-(5.88)  taken  into  account,  gives: 


r>» 


r<» 


«(«)-.«•— u* . 


2*li 


W‘  —  r*£  4-  IVU 


*  M  “  *i  ~  '**  - 
_._2  (-’> 


(5.89) 


5.90) 


In  the  derivation  of  (5.89)  and  (5.90)  it  was  assumed  that  a  ferro¬ 
electric  transition  from  a  cubic  to  tetragonal  phase  is  examined. 

Later  these  considerations  were  developed  by  Ginzburg  l3»63j  for 
a  phase  transition  of  the  first  kind  also.  In  d^ing  so,  it  was  shown  that 
the  following  expression  remains  when  T>Q: 

(5.91) 


’  !?.  (T  -  r,r  ' 
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with  the  difference  that  in  this  case  Curie  tetaperaturt  Tc  differs  from 
th?  temperature  of  phase  transition  0.  Therefore,  the  frequency  at  the 
phase-transition  point  tends  to  a  finite-  value  of 


,‘A 


(5, 91') 


for  paraelectric  phase  and  to  a  value  of 


(5.93) 


for  ferroelectric  phase.  Evaluatior  '*  car-ied  out  with  the  aid  of  the 
formulas  (5.92)  and  (5.93)  for  BeTi-'j  gi'e  a  ft^'%/6  »  iQ^herts 
and  r^l.2  *  10^  hert2,  hi,  corresponds  to  the  wavelengths 

^3  ram  and  ^  ‘"'■’1.5  ram  respectively. 


2.  Taking  Anharmonici.ty  Into  Account  by  Using 
the  Methods  of  Pert  rbatlon  Theory 

The  possibility  of  appearance  of  ,•  situation  in  which  a  r> -rcelec- 
trie  transition  tabes  place,  i.e.  a  mutual  compensation  of  collective  long- 
range  forcer  conducive  ro  the  displacements  of  ions,  and  restoring  forces 
brought  bout  c-fcisfly  by  interaction  with  the  nearest  neighbors  is  deter¬ 
mined  not  oily  bv  the  balance  of  th<se  forces  but  also  by  their  non l Inear 
character,  In  other  words,  explanation  cf  temperature  dependences  oh’ 
served  n  ferroelectric?  is  possible  only  with  the  condition  of  taking 
anhacroot.ic  effects  into  account.  It  was  already  noted  above  that  solu¬ 
tion  of  dynamic  equations  (5.22)  with  account  taken  of  the  terms  in  U 
containing  powers  higher  than  x^  is  connected  with  great  difficulties 
even  if  only  because  the  normalcy  (i.e.  independence)  of  different  modes  of 
vibrations  is  chon  disturbed.  In  his  calculations  [6,  7j  Cochran  circum¬ 
vented  this  difficulty  by  simply  postulating  the  linear  dependence  of 
R=Rq(1  +  #T)  of  the  force  constant  on  temperature.  However,  taking 

anharmonicity  into  account  in  dynamic  equations  may  be  achieved  by  a  more 
correct  method. 

If  it  is  considered  that  nonlinear  terms  are  small  in  comparison 
with  linear  terms,  then  a  possibility  appears  to  use  the  methods  of  per¬ 
turbation  theory.  The  assumption  concerning  the  smallness  of  anharmonic 
portion  of  energy  being  sufficiently  correct  (at  least  if  the  transition 
point  itself  is  excluded)  in  the  case  under  consideration,  already  fol¬ 
lows  from  the  fact  that  as  shown  in  L^lj  and  then  in  [6j,  a  relatively 
weak  dependence  of  the  quantity  R  in  the  tormula  (5»fl0)  is  required 
to  obtain  the  necessary  relationship  of  Thus,  the  problem  in  ques¬ 

tion  can  now  be,  solved  on  the  basis  of  thermodynamic  perturbation  theory, 
similarly  to  the  way  this  was  done  in  paragraph  9,  chapter  9,  but  in  com¬ 
bination  with  the  use  of  solutions  of  differencial  equations  of  the  vi¬ 
brations  of  ions  (i.e.  of  normal  coordinates).  The  question  of  taking 
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anharmonicity  into  account  in  terns  of  equations  of  lattice  vibrations 
and  perturbation  theory  was  examined  for  the  first  time  by  Born  [li]  and 
then  in  the  works  of  a  number  of  authors  (sec  [64 J).  In  its  application 
to  the  problem  of  ferroelectricity  this  method  was  used  for  the  first 
time  by  Anderson  [4],  The  essence  of  the  method  is  reduced  to  the  follow¬ 
ing. 

The  Hamiltonian  of  an  unperturbed  system  3*0  is  written  in  the 
following  form: 


«jt  <*>  o?  2r*Jx  « .r  £  ■° l* 


(5,94) 


i.e.  for  simplicity,  one  acoustical  (the  superscript.  anu  one  optical 

branch  (the  superscript  0)  is  taken  into  account  here* 


the  normal  coordinates  X, 


tions  (5.22): 


S?  , 

Cq) 


and  S 


(fl) 


q  ars-  solutions  of  the  system  of  equa- 
are  the  respective  moduli  of  elasticity. 


The  anhanaonic  portion  of  the  Hamiltonian  regarded  ss  a  perturba¬ 
tion  may  be  represented  in  the  following  form: 


*r  «.*<«• 


(5.95) 


diffc.cert  average 
*> 


The  funuanental  approximation  (also  used  In  model  theories  [59  j 
ind  [60  j)c  insists  in  that  the  distribution  functions  and  the  functions  of 

f  5^  \ 

exp  are  arranged  in  series  with  respect  to 

After  this,  the  problem  is  actually  reduced  to  the  calculation  with 
the  aid  of  u:  .lercurned  Hamiltonian,  of  the  average  values  of  addi¬ 

tionally  multiplied  by  the  polynomials  of  different  powers  of  Xq.  In 
doing  so,  in  the  lower  order  with  respect  to  anhsrraonicity  all  thermal 
properties  foliov  from  a  set  of  effective  Hamiltonians  (one  for  each  vi¬ 
bration)  which  ere  obtained  by  the  averaging  of  over  all  normal 

vibrations  with  the.  exception  of  the  one  for  which  an  affective  Hafail- 
tonicit  is  determined. 

In  this  manner,  the  free  energy  is  determined  in  the  form  of  an 
expansion  with  respect  to  the  powers  of  7ixi 

A m ~*r  In  j  „9 ^  — *jy— -) •*" + 9 1  +  jpy  W - •  {^<55*  (5.96) 

t 

Hero  Aq  is  frea  energy  ir  the  .absence  of  perturbation,  the  firs t- 

erder  term  n-  is-  a  quasi -harmonic  average  of  tro  perturbation  3f„ 
the  sacond-ordcr  term  is}  as  usual  in  perturbation  theory,  energy  fluc¬ 
tuation.  _ _ 

i)  Inasmuch  as  a  classical  prcMem  is  being  solved  it  would  be 
possible  to  use  with  ccual  success  sec  the  Hasiltcnian  function  but 
potential  energy  V  (see  chapter  4.  paragraph  4,  subparagraph  2). 
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It  is  important  here  that  Hamiltonian  function  is  expressed 

in  terns  of  norma;  coordinates  and  makes  it  possible  to  determine  the  tem¬ 
perature  dependency  of  natural  vibrations  ef  the  iactice.  In  the  work 
[4],  with  the  aim  of  simplifying  the  problem  a  system  of  hard  ions  is  ex¬ 
amined,  i.e.  effects  brought  about  by  electron  polarizability  of  the  ions 
are  not  taken  into  account.  Construction  of  a  Hamiltonian  function  with 
the  displacements  of  electrons  taken  into  account  is  not  connected  with 
difficulties  in  principle  and  .\t  the  same  time  does  not  introduce  qualita¬ 
tive  changes  into  conclusions  drawn  <5y  Anderson.  As  a  result  of  im¬ 
position  of  the  condition  of  minimum  of  free  energy  (5.96)  in  the  pres¬ 


ence  of  electric  field  the  value  of  dielectric  constant  is  defined  as 

4  %  i  2 

$  0=1  +  ~~2~ -  where  S^ff  is  effective  (i.e.  taking  account  of  Coulomb 


forces)  value  of  optical  modulus  ot  elasticity  connected  with  vibration 
mode  when  q=0. 


The  modulus  cf  elasticity  S®  may  be  written  in  the  following 


form: 


(5.9?) 


H  Ji. 


where  & (q)  with  q=C  represents  Lorentz  facto;  which  is  equal  tc  — ~ 
for  transverse  and  — ~  lor  longitudinal  vibrations. 


Figure  5.16  shows  hypothetical  curves  of  the  relationship  tc  q  of 
two  terms  of  the  equation  (5.9?)  and  S®  for  transverse  branch  for  Curie 
temperature.  An  assumption  thac  (without  taking  anharmonfeity  into  ac¬ 
count)  the  modulus  of  elasticity  of  the  transverse  optical  branch  becomes 
negative  at  Curie  point  was  taken  into  account  in  these  relationships. 


$ 


— 1 

j  n#*ypf< r» 

j 

Figure  5.16.  Qualitative  relationship 
Of  elastic  modulus  to  the 
wave  vector  q. 

Effective  potential  energy  calculated  for  such  a  vibration  with 
the  aid  cf  procedure  discussed  above  proves  to  be  equaL  ro: 

c*.  “'T’l  *?«!»+ 1  !*?«!’• 


1)  Anderson’s  approach  was  later  used  in  the  works  [65,  66;  in  which 
an  expression  fes  the  constants  of  phencp.enoiogi.cal  theory  ir,  terms  cf 
microscopic,  paraseeers  was  obtained  with  the  aid  perturbation  theory.  As 
ROtsd  in  the  worn  (_6Sj,  inaccuracies  are  contained  ir.  the  icspective  ex¬ 
pressions  in  the  work  [66 1. 

-  209  - 


Thus,  the  quantity  *(n\  (I*®'  3  transverse  optical  normal  vibra¬ 

tion)  has  a  potential  with  tw<;  minima,  Taking  the  value  of  one  of  these 
minima  the  quantity  x9-.  receives  an  increment  and  this  ensures  the 
initiation  of  ferroelectric  polarisation. 

We  w;ll  underscore  once  more  that  the  potenticl  with  two  minima 
pertains  in  Anderson’s  modal  not  to  the  entire  substance  but  only  to  the 
transverse  limit  optical  vibration.  This  is  the  distinction  of  his 
theory  from  the  theory  corresponding  to  a  case  when  a  potential  with  two 
minima  acts  on  ferro-active  ions. 


Evaluations  mads  by  Anderson  lead  tv  a  conclusion  regarding  the 
relative  smallness  of  the  effect  of  enharmonic  terras  and  fluctuations 
on  the  character  of  ion  vibrations  even  ir  direct  proximity  to  the  transi¬ 
tion  point  owing  to  the  fact  that  anharraoulcity  has  a  marked  character 
only  for  some  of  the  leng-wave  modes  of  vibrations  and  amounts  only  to  a 
small  portion  in  the  total  energy  balance.  In  other  words,  in  this  sub- 
paragraph,  dynamic  theory  agrees  well  with  the  conclusions  obtained  on 
the  basis  c-f  a  model  of  anharmonic  oscillators  and  thermodynamic  theory 
of  fluctuations  in  -he  transition  region  (see  subparagraph  3,  paragraph 
1,  chapter  3  and  paragraph  A,  chapter  A), 

Later,  Anderson's  approach  was  dcvel  o«“>d  in  *  t-o--V  hy  Air’’  [67J 
in  ,?hich  dielectric  constant  was  determined  not  only  in  a  permanent  field 
but  in  a  variable  field  also.  The  susceptibility  %  calculated  in  [67 

for  ferroelectric  phase  near  Curie  temperature  0  proved  to  be  equal  to 


X~- - 7^\£* 

For  paraelectric  phase  near  0 

x 


Here  is  Lorentz  factor, 


— «®r 

l 


(5.98) 

(5.99) 

where  &  is  electron 


polarizability,  and  is  the  value  of  ferroelecfic  frequency  away 

from  Curie  point.  It  is  of  interest  to  note  that  proves  to  be 

maximal  not  at  a  T=0  but  at 

(5.100) 


and  at 


r.-ifi+K-y] 


In  addition  to  this,  regardless  of  the  dependence  cn  i 0 


.  r.+xr. 
— 3 — . 


(5.101) 
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An  attempt  at  an  examination  of  a  ferroelectric  the  properties  of 
which  are  determined  not  by  one  but  by  two  or  more  "soft  modes"  is  also 
reported  in  the  fork  by  Aisu  [67].  An  analogue  of  this  case  in  theory 
of  anharmonic  os:illators  is  a  crystal  in  which  not  one  but  several  sub" 
lattices  perform  anharmonic  vibrations  (see  subparagraph  1,  paragraph  4, 
chapter  4).  According  to  [67]  the  presence  of  several  "soft  modes" 
leads  to  a  possibility  of  several  successive  phase  transitions. 

Some  of  the  results  ii:  [4]  were  later  obtained  more  rigorously  by 
Wilcox  [68]  with  the  aid  of  diagram  technique  (see  also  [69]).  Wilcox 
used  a  "renormalization  of  frequencies"  in  order  to  obtain  Curie-Weiss 
formula  for  paraeiectric  phase. 

The  physical  pattern  underlying  the  calculations  examined  above 
is  as  follows:  with  the  approach  to  the  transition  point  the  frequency 
of  ferroelectric  mode  drops;  directly  near  the  transition  point  this 
normal  vibration  consists  in  a  displacement  of  ions  to  a  new  epiilibrium 
position  and  vibrations  relative  to  the  new  equilibrium  position.  Thus, 
the  potential  relief  of  this  vibration  Is  highly  anharmonic. 

In  order  to  Illustrate  thir.  pactern  ir>  the  simplest  way  it  is 
possible,  following  Silverman  [32,  70]  and  Blinc  [7l], to  examine  it 
for  a  model  of  an  •.uuiuistant  diatomic  linear  chain  of  atoms  with  a 
mass  a  and  with  int.e  ."<ction  between  the  nearest  neighbors  (the  force 
constant  kj)  and  tho§>.>  which  follow  them  (the  force  constant  k2>.  The 
aquations  of  motion  ft.r  such  a  system  have  the  following  form: 

■  +  Xf  +  i,  (X„j  *r  ^.-i)  +  (*ft»  +  X  -»'•  (5.  102) 

The  relationship  of  the  frequencies  of  the  acoustical  and  optical 
branch  respectively  to  the  wave  vector  q  is  given  by  the  following  ex¬ 
pressions: 

■*(»)— +  }  (5.103) 


Here  d  is  lattice  constant, 


"  2d<‘q<2d  * 


As  it  follows  from  (5.103),  the  frequency  Wj(0)  is  completely 
determined  by  the  force  constant  kj.  Therefore,  1 ?  kj  is  selected  as 
a  small  and  negative  quantity  and  k2  --  ar.  a  large  and  positive  quantity, 

1)  We  will  note  that 'the  formulas  (5.103)  and  (5.18  coincide  when 
k2=0  and 
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then  the  lattice  will  be  unstable  with  respect  to  optical  vibrations  with 
small  q  but  will  remain  stable  for  the  large  values  of  q. 


Using  normal  vibrations  the  Hamiltonian  of  the  system  in  harmonic 
approximation  may  be  written  in  the  following  form: 


x,  -4-  2  wi**  v  -i  <«>  *?««> + T'2f'p!' + •*  (,) 


(5.104) 


Next,  we  will  take  into  account  the  fourth-order  anharraonic  term 
(in  the  chain  under  consideration  t  third-order  term  is  forbidden  owing 
to  the  presence  of  a  center  of  symratry): 


*i-;fi2<x‘"-jr,)‘- 

4 

^  may  be  expressed  in  terras  of  normal  coordinates: 

*1  -TOT 2  [2  *ln,(x)  r*"X5«']  ew*T xtx-r 


(5.105) 


(5.106) 


Effective  "quasi-harmonic11  Hamiltonian  may  be  obtained  by  averaging 


over  Xa  *ni  X_  using  perturb**  or  thac 


cv;..uiues  e'-actJ 

-2, 


with  O*o  upon  substituting  (^(q)  and  (q)  with  £Og(q)  and 


Wg(q)  where: 


1# 


Si*. 


«*» 


l 


,v*  .  «». 


1 7^2*,a‘Ir<JrJ'«.'>  I  «*‘¥+^r  •**»'■ 

r 


(5.107) 


(A  similar  expression  should  also  be  written  for  co2  but  the  frequenices 
of  acoustic  vibrations  prove  to  be  relatively  weaklyae pendent  on  temper¬ 
ature). 


The  average 


<*?*-.■ 


StT  kT _ 


where  k  is  Boltzmann  constant. 

Taking  into  account  that  when  q  sin  are  small  qdttfod,  we  will 
obtain  the  following  when  qd<^l: 

(5-108> 

It  may  be  seen  from  (5.10B)  that  the  presence  of  anharmonic  term 
stabilizes  the  system  above  Curie  temperature.  With  a  q-*0  the  fre¬ 
quency  Wg(O)  changes  with  temperature  as 

•I  (0) — (r — •). 

t 

where 
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We  will  now  dwell  on  the  attempts  at  a  more  detailed  e::araination 
oi  ferroelectric  vibrations  [72].  The  properties  of  excitations  for 
transitions  of  different  types  and  also  problems  of  attenuation  were 
examined  in  the  work  [73]  with  the  aid  of  the  method  of  self-consistent 
field.  A  high  anisotropy  of  ferroelectric  mode  was  observed  in  noncubic 
ferroelectrics.  This  anisotropy  connected  with  the  anisotropy  of  dielec¬ 
tric  constant  is  reduced  to  a  dependence  of  the  frequency  CO(q~*0)  on 
the  direction  of  the  wave  vector  tending  to  zero  (see  paragraph  1  of  this 
chapter).  It  is  shown  that  ferroelectric  vibrations  have  a  low  attenua¬ 
tion  only  in  the  case  of  applicability  of  seif-consistent-field  theory, 
i.e.  prciseiy  in  the  temperature  region  where  Landau  thermodynamic  theory 
is  applicable.  It  is  noted  that  owing  to  a  high  attenuation  it  is  diffi¬ 
cult  to  observe  ferroelectric  vibrations  for  order-disorder  transitions. 
With  the  approach  to  Curie  temperature,  a  slowing-down  of  relaxation  and 
accordingly  an  anomalous  temperature  dependence  of  dielectric  constant 
are  observed. 

In  the  work  [65J  the  semiphenomenologicai  equations  in  the  work 
[l,  6]  were  obtained  with  the  aid  ot  temperature  diagram  technique  and 
a  generalization  of  them  is  given  for  a  case  of  q=£=0.  A  strong  effect 
of  acoustic  mode  was  a*; ted.  It  was  found  that  with  small  q  the  spec¬ 
trum  in  perovskites  is  determined  by  six.  microscopic  constants  an  exper- 
inental  determination  of  which  could  ensure  a  verification  of  theory. 

It  follows  from  the  foregoing  that  at  the  present  time  dynamic 
theory  describes  ferroelectric  transitions  only  qualitatively.  As  may 
be  seen  from  paragraph  3  of  this  chapter,  calculations  carried  out  for 
actual  ferroelectric  crystals  bear  a  heuristic  character  a.id  can  be 
utilized  chiefly  for  the  interpretation  of  vibration  spectra  and  only 
for  a  qualitative  description  of  their  temperature  dependence.  Diffi¬ 
culties  connected  first  of  all  with  insufficient  information  on  potential 
function  of  a  crystal  apparently  do  not  male  it  possible  to  hope  for 
creation  in  the  immediate  future  of  a  rigorous  anhanuonic  dynamic  theory 
of  concrete  ferroelectric  transitions.  This  circumstance  explains  the 
interest  in  the  calculation  of  different  approximate  and  qualitative 
models  and  their  comparison  with  the  experiments,  and  as  yet  extensive 
work  is  to  be  carried  out  in  this  direction. 


3.  Transitions  of  Order-Disorder  Type 
in  the  Light  of  Dynamic  Theory 

Unlike  barium  titanate  and  perhaps  some  of  the  other  crystals  in 
which  a  ferroelectric  transition  of  displacement  type  takes  place,  a 
transition  of  order-disorder  type  takes  place  in  a  large  number  of  the 
other  ferroelectrics.  The  features  of  such  a  transition  are  excellently 
illustrated  by  Ising  model  which  was  discussed  in  detail  in  paragraph  h 
of  the  preceding  chapter.  Here,  however,  we  would  like  to  draw  attention 
to  the  fact  that  lattice  vibrations  may  also  play  an  important  part  in 
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transitions  of  order-disorder  type  if  in  these  transitions,  displacements 
of  sublattices  as  one  whole  as,  for  example,  in  the  case  of  KK2PO4  [74], take 
place  along  with  the  disordering  of  atoms  or  dipole  groups. 

As  the  x-ray  data  indicate  [75],  during  a  phase  transition  in 
KH2PO4  a  considerable  displacement  of  the  K,  F  and  0  ions  along  the 
c-axis  occurs  in  comparison  with  their  positions  in  paraelectric  phase. 
These  displacements  may  explain  the  magnitude  of  spontaneous  polariza¬ 
tion  [75],  It  is  of  interest  to  note  that  whereas  a  high  isotopic  effect 
is  observed  for  Curie  temperature  (6  =122riK  for  KH2?C>4  and  213°K  for 
KD2FO4),  for  spontaneous  polarization  and  Curie  consta.i'  the  isotepic 
effect  is  nearly  absent.  If  a  change  in  Curie  temperature  during  deuter- 
izing  points  out  the  paramount  role  of  proton  subsystem,  then  *n  absence  of 
changes  in  spontaneous  polarization  and  Curie  constant,  and  also  the  fact 
that  spontaneous  polarization  is  nearly  completely  explained  by  the  dis¬ 
placements  of  ions  require  taking  into  account  in  theory  the  degrees  of 
freedom  corresponding  to  ionic  displacements. 

The  first  such  attempt  was  undertaken  in  the  work  [76]  using  the 
variational  method.  However,  dynamic  aspects  of  phase  transitions  were 
not  examined  in  this  theory. 

Proceeding  from  considerations  cited  above,  Kobayashi  suggested 
a  new  model  for  describing  a  phase  transition  in  KH2PO4.  According  to 
this  model,  excitation  connected  with  the  tunneling  of  protons  (see  sub- 
paragraph  3,  paragraph  3,  chapter  4)  strongly  interacts  with  the  optical 
vibration  of  K— FO4  along  the  c-axis  with  the  frequency  of  the  bound  mode 
tending  to  zero  at  the  transition  point.  The  mode  of  optical  vibration 
participating  in  the  phase  transition  is  similar  to  that  examined  in 
Cochran's  work  [7j.  Such  a  model  explains  the  isotopic  effect  for  Curie 
temperature  and  its  absence  for  Curie  constant  and  spontaneous  polariza¬ 
tion. 

On  the  basis  of  results  obtained  in  the  work  [74]  a  conclusion  is 
drawn  that  KH2PO4  belongs  to  a  "mixed'1  type  of  ferroelectrics  since  a 
phase  transition  in  it  is  connect®d  bith  with  a  disordering  of  the  proton 
system  and  with  instability  with  respect  to  the  limit  optical  vibration 
with  this  instability  appearing  at  the  same  time.  This  point  of  view 
was  already  stated  earlier  in  works  by  Blinc  and  associates  [77,  78 j. 

In  the  light  of  the  foregoing,  the  results  in  the  work  [79j  devoted 
to  interconnection  of  elastic  and  dielectric  properties  during  a  phase 
transition  are  of  a  special  interest.  As  shown  in  this  work,  elastic 
ancm-alies  can  also  be  explained  within  the  framework  of  dynamic  theory 
(interconnection  of  elastic  and  dielectric  anomalies  was  discussed  earlier 
in  the  work  [7]  for  zinc-blende  (ZnS)  structure)  (see  paragraph  2,  chap- 
:er  5). 

The  main  result  in  the  work  [79]  is  reduced  to  a  discovery  that 
if  elastic  anomalies  are  also  observed  simultaneously  with  dielectric 
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anomalies,  then  a  transverse  limit  optical  vibration  with  a  frequency 
&>t()  when  q-tO)  must  participate  in  the  raicroraechanism  of  the 

transition. 

The  tight  bond  between  optical  and  acoustical  branches  may,  in 
particular,  lead  to  a  result  that  with  a  change  in  tempeiature  the  crys¬ 
tal  may  become  (see  paragraph  1,  chapter  5)  unstable  with  respect  to  the 
transverse  acoustic  mode  even  before  it  becomes  unstable  in  regard  to  the 
transverse  optical  mode.  In  thermodynamic  theory  such  a  situation  finds 
its  reflection  in  that  the  condition  for  phase  transition  is  determined 
not  only  by  the  singularity  of  behavior  of  dielectric  constants  - 

-  0)  but  also  by  elastic  and  piezoelectric  constants  (see  suuparagraph 
1,  paragraph  3,  chapter  3). 

Thus,  although  some  of  the  ferroelectric  transitions  which  were 
formerly  regarded  as  transitions  of  the  order-disorder  type  and  were  de¬ 
scribed  by  this  or  other  variety  of  local -minima  model,  should  indeed 
be  regarded  as  more  complex  transitions  than,  for  example,  those  in 
perovskites,  nevertheless  they  too  are  closely  connected  with  the  singu¬ 
larities  of  behavior  of  the  optical  and  acoustic  modes  of  lattice  vibra¬ 
tions.  Examples  of  such  ferroelectric  transitions  are  transitions  in 
KH2PO4,  K4Fe(CN)6.3H20,  Seignette's  salt  and  in  the  other  ferroelectrics. 

In  connection  with  this,  it  is  necessary  to  note  that  an  anomalous 
behavior  of  low-frequency  bands  of  the  spectrum  was  found  in  the  vibration 
spectrum  of  KH2P04  [80]  and  NaN02  [49,  57 j.  In  doing  so,  participation 
of  the  limit  dipole  vibration,  the  frequency  of  which  decreases  at  Curie 
point,  in  the  micromechanism  of  transition  [Si]  (see  in  more  detail  in 
chapter  IS)  was  proven  by  direct  experiments  in  the  case  of  NaN02  in 
which  ferroelectric  transition  is  brought  about  by  the  ordering  of  NO^ 
groups  disordered  in  the  ferroelectric  phase. 

4.  Appearance  of  "Soft  Mode" 

In  Raman  Spectra 

The  question  of  intensity  and  spectrum  scattered  near  3  phase  tran¬ 
sition  point  was  examined  in  the  work  [£2]  within  the  framework  of  Ginzburg 
theory. 


Spectral  density  of  the  intensity  of  scattered  light  J(t*>)  is  pro- 

1  T  iu)t 

portior.al  to  G#  where  G^-  -fig  j  dt  are  Fwrier  components 

—  o* 

of  the  fluctuations  of  the  order  parameter.  These  fluctuations  are 
brought  about  by  thermal  motion  and  can  be  described  in  the  first  approx¬ 
imation  by  the  following  equacion  [82]  (sze  paragraph  4,  subparagraph  i)s 

Si  <4t>+ ’3;  (5.109) 
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The  equation  (5.109)  differs  from  the  equation  (5.85)  by  taking 
into  account  a  random  force  f  which  describes  the  effect  of  thermal 
motion. 


where 


It  follows  from  (5.109)  that: 

n 

“*  *•}  —  »» +  iw.  * 

«k 

/•— jz  1  tu)*-**it. 


(5.110) 


It  follows  from  this  chat 


/ 1«) 


(»} - wl)«  4-  * 


where 


/ 


is  integral  intensity  of  scattered  light  dependent  on  the  component  f^ 
and  through  it  on  the  temperature  [3]. 


We  will  note  that 


(5.111) 


where  the  frequencies  u)  ■a „-±\K  -  ^  correspond  to  the  maxima  of 
the  function  J(o>)  when  When  the  function  J(<J) 

has  only  on*',  maximum,  i.e.  two  satellites  in  Raman  effect  —  violet  and 
red  merge  into  on*,  maximum  (Figure  5.1?)  With  the  approach  to  the  point 

2  24(0-1) 

of  a  plh.ce  transition  of  the  second  kind  05= - p" -  (see  5.88)  and 

changes  similar  to  those  shown  i*i  cigure  5.10  roust  occur  in  the  spectrum. 
These  changes  should  be  even  sharper  in  the  case  of  a  phase  transition 
approaching  critical  point. 

5.  Attenuation  of  Ferroelectric  Mode 

One  of  the  interesting  problems  connected  with  the  concept  of  soft 
mode  is  the  question  concerning  its  attenuation  and,  accordingly,  concern¬ 
ing  the  halfwidth  of  the  band  corresponding  to  it  in  infrared  and  Raman 
spectra.  In  the  language  of  quantum  mechanics  this  is  reduced  to  the 
question  of  the  lifetime  of  a  quantum  of  ferroelectric  visration  —  ferro¬ 
electric  phonon. 
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Figure  5.17.  Change  in  the  appearance 
of  Raman  spectrum  according  to  the  ratio 
c f  attenuation  constant  and  resonance  fre¬ 
quency  of  vibration. 

Key:  1  —  red  satellite;  2  -«■  violet  sat¬ 
ellite.. 


In  the  usual  ionic  crystals  the  lifetime  of  a  transverse  optical 
ehonon  (see,  for  example,  [83])  *s  determined  by  the  process  of  its  decay 
into  two  other  phonons  weakly  dependent  on  temperature.  For  a  ferroelec¬ 
tric  phonon  near  Curie  temperature,  owing  to  the  saallnec*  of  its  frequency 
it  is  necessa:7  to  take  into  account  not  only  the  process  of  its  decay  but 
also  the  processes  of  collision  with  the  other  phonons.  A  respectiva 
study  for  the  esse  of  perovskite  crystals  wes  carried  out  in  the  work 
f83l.  The  appearance  of  phonon  spectrum  was  taken  fron  Cowley's  work 
i_26]  (Figure  5.18). 
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Figure  5.18.  The  shape  of  lower 
branches  of  phonon  spectrum  of 
perovskite  crystals. 

It  may  be  seen  from  the  figure  and  laws  of  conservation  that  the 
following  processes  are  possible: 


of  +  *~o.  (5. 112) 

+  (5.113) 

V~*+«-  (5.114) 


Here  the  symbols  Of,  a,  a-p,  a^  and  o  belong  respectively  to 
a  ferroelectric,  acoustic,  transverse  and  longitudinal  acoustic  and 
optical  phonon. 


An  analysis  carried  out  in  [83]  indicates  that  for  the  case  under 
consideration  only  the  process  (5.112)  is  essential,  with  the  results  of 
the  calculations  for  an  isotropic  model  leading  to  -he  following  expression 
for  the  lifetime  of  a  ferroelectric  phonon: 


i 


—  "V#—, 


(5.115) 


Here  5  is  electros triction  constant,  h  —  Planck  constant,  v-  —  veloc- 

ity  of  transverse  sound  waves,  Cc'^'y  (T  -  0)*  --  frequency  of  ferro¬ 
electric  vibration,  c  —  Curie  constant,  f*  --  crystal  density,  the 
parameter  c(  characterises  the  slope  of  the  ferroelectric  branch  when 

q  are  small  (for  Srli03  cnr/sec) ,  n^=  -■■■■■  7  _ -  —  the  number 


^TicJ^/kT  _  , 

ok  quants  of  vibrations  with  the  subscripts  2  and  3  corresponding  co  the 
transverse  acoustic  phonons  of  the  ferroelectric  branch  with  q^= 0  respec- 
VT 

tively,  q<j=  -g  . 


We  cite  the  following  Dvorak’s  data  [83]  on  temperature  dependence 
of  the  lifetime  llx  of  a  ferroelectric  phonon  for  SrTiOj: 


T  (°K) . 50  40  30  20  10  5 

1/T  (1011  1/sec)...  0,34  0.36  0.38  0.33  0.17  0.05 

It  may  be  seen  from  this  that  T  has  an  anomalous  temperature  de¬ 
pendence  for  ferroelectric  mode. 
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Attenuation  time  -t  and  attenuation  constant  V  defining  the 
width  of  the  band  corresponding  to  the  ferroelectric  mode  in  the  spectra 

1  r 

are  connected  by  the  relationship  —  =  •  Therefore,  investigation  of 

the  bandwidth  corresponding  to  may  provide  a  direct  way  of  checking 

the  results  set  forth  above.  The  results  of  experimental  works  [84-87] 
apparently  agree  qualitatively  with  the  inferences  of  theory.  However, 
more  exact  experimental  studies  of  'f  are  necessary  (see  also  chapter  15). 

Attempts  at  more  realistic  calculations  are  also  of  considerable 
interest.  For  example,  four-phenon  processes  the  importance  of  which 
was  pointed  out  for  the  first  time  by  Silverman  [88]  who  carried  out  a 
respective  calculation  for  a  diatomic  linear  chain,  should  be  taken 
into  account.  In  the  work  [89]  the  attenuation  of  ferroelectric  mode 
was  calculated  by  more  rigorous  methods,  including  taking  into  account 
the  four-phonon  processes  for  the  case  of  not  only  low  but  high  temper¬ 
atures  also.  The  main  conclusion  of  the  work  is  that  the  relative  atten¬ 
uation  of  a  ferroelectric  vibration  must  be  small,  with  the  exception, 
perhaps,  of  the  near  region  of  transition.  Quantities  which  have  to  be 
measured  experimentally  for  a  reliable  comparison  of  theoretical  results 
with  the  experiments  are  also  indicated  in  [85j. 

6.  Evaluation  of  Effect  of  Free 
Carriers  on  the  Spectrum 
of  Ferroelectrics 

Until  recently  twe  important  sections  of  solid  state  physics  — 
the  physics  of  semiconductors  and  the  physics  of  ferroelectricity  —  had 
few  points  of  contact  with  each  other.  However,  after  a  synthesizing  of 
a  number  of  new  ferroelectrics  having  at  the  same  time  semiconductor 
properties  [90,  9l],  and  after  the  discovery  of  semiconductor  properties 
in  such  comparatively  well  studied  ferroelectrics  as  barium  fitanate 
a  ‘’border"  area  of  investigations  gradually  evolved  between  these  two 
sections  and  started  to  develop. 

A  whole  seri-.c  of  physical  nitons  exist  that  lead  us  to  expect  much 
that  is  interesting  from  this  contiguous  direction.  Indeed,  a  ferroelec¬ 
tric  transition  originates  as  a  result  of  a  disturbance  of  the  balance  of 
attractive  and  repulsive  forces  which  keep  the  atoms  of  a  crystal  lattice 
in  equilibrium  positions.  But  in  the  usual  crystals  this  balance  is  pre¬ 
served  up  to  the  melting  point  Or  until  their  mechanical  disintegration. 
Being  thus  "close  "  in  a  certain  sense  to  phase  transitions,  ferroelectric 
crystals  have  an  unusually  high  susceptibility,  especially  in  the  transi¬ 
tion  region,  with  respect  to  various  kinds  of  influences  and  sharply 
marked  nonlinear  properties.  It  is,  therefore,  natural  to  expect  on  one 
hand  the  effect  of  current  carriers  in  ferroelectrics-semiconductors  on 
the  phase  transitions,  and  on  the  other  hand  --  a  sharp  change  in  the 
semiconductor  parameters  in  the  region  cf  a  fer foeiectric  transition,  such 
parameters  as  the  width  of  forbidden  zone,  electric  conductivity,  etc. 
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As  a  result,  a  whole  series  of  new  physical  effects  may  appear  in  ferro- 
electrics-semiconductors,  that  are  "cross”  effects  with  respect  to  the 
physics  of  semiconductors  and  the  physics  of  ferroelectric! ty. 

The  study  of  this  new  area  of  solid  state  physics  requires  a  com¬ 
bination  of  "classical"  representations  and  of  the  methods  of  the  physics 
of  ferroelectricity  and  of  the  physics  of  semiconductors.  This  duality 
is  already  beginning  to  show  in  the  first  works  [92,  93]  devoted  to  a 
thermodynamic  examination  of  the  properties  of  ferroelectrics-seraiconduc- 
tors.  In  examining  the  photo  effect  in  the  crystals  of  SbSJ,  V.  M.  Frid- 
kin  [92]  postulated  the  following  expression  for  free  energy: 

'‘e- *+«**+■!■*  +  yP*i-  —  +«*,</*). 

where  n  is  the  concentration  of  free  or  noneqr.il ibrium  carriers  and 
£g(P)  is  the  width  of  the  forbidden  zone.  It  is  then  assumed  that 

£,-.E0  +  ,Pt(T'.. 

where  E  q  is  the  width  of  forbidden  zone  in  paraelectric  phase  and  "a" 
is  a  coni Cant  not  dependent  on  T  and  P.  Such  an  approximate  treatment 
based  on  a  simple  superposition  of  terms  describing  the  polarization 
energy  of  the  lattice  and  of  the  energy  of  the  carriers  in  the  conduction 
zone  made  it  possible  to  make  a  number  of  predictions  later  confirmed 
by  experiments.  In  particular,  the  change  in  Curie  temperature  with  a 
rise  of  the  concentration  [92],  the  laminar  structure  in  SbSJ  [93],  etc. 
were  explained  on  the  basis  of  this  theory. 

Although  at  the  present  time  the  physics  of  ferroelectrics-serai- 
conductors  is  at  the  stage  of  initial  growth  and  development,  the  range 
of  problems  that  are  to  be  solved  has  already  become  outlined  sufficiently 
clearly.  Among  them  are  semiconductor  properties  of  ferroelectrics  (elec¬ 
tric  conductivity  [94],  photoconductivity  [9b],  luminescence,  etc.),  stud¬ 
ies  of  semiconductor  parameters  of  ferroelectric  crystals  [91,  94],  prob¬ 
lems  connected  with  the  shielding  of  spontaneous  polarization,  distribu¬ 
tion  of  the  fields  and  volume  charges  in  ferroelectrics  [96,  97],  insta¬ 
bilities  in  ferroelectrics-seraiconductors  [98-101],  effect  of  nonequilib¬ 
rium  el  .ctron<<-  processes  on  ferroelectric  properties  and  chase  transi¬ 
tions  [102],  new  ferroelectrics-seraiconductor s  [9l],  superconductivity 
in  ferroelectrics-wmiconductors  [103-J06],  etc. 

Evaluation  of  the  effect  of  free  carriers  on  the  spectrum  of  ferre- 
electrics-semiconductors  is  also  of  an  unquestionable  interest. 

A  rigorous  solution  of  the  problem  on  infrared  spectrum  of  reflec¬ 
tion  and  absorption  in  ferroelectrics-seraiconductors,  i.e.  finding  the 
susceptibility  of  a  crystal  with  account  taken  of  the  correlation  between 
normal  modes  of  the  lattice  and  oscillations  of  an  electron  plasma  is 
connected  with  great  difficulties.  However,  by  using  a  simple  model  it 
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proves  to  be  possible  to  evaluate  the  orders  of  quantities  characterizing 
the  distortion  —  brought  about  by  a  transfer  of  free  charges  —  of  the 
vibration  spectruta  of  the  lattice  in  the  phase  transition  region.  A  sim¬ 
plified  treatment,  i.e.  a  superposition  of  polarisation  effects  of  the 
lattice  vibrations  and  of  the  drift  of  undegenerate  electron  gas  (compare 
with  approximations  used  in  [92])  was  successfully  used  in  a  number  of 
works  [107-109]  devoted  to  the  studies  of  infrared  spectra  of  crystal 
semiconductors,  for  example  Mg2Sn,  InSb,  etc.  After  a  reasonable  adjust¬ 
ment  of  aicroscopic  parameters  (effective  mass  of  the  carrier  m*  of  the 
effective  lattice  charges)  the  theoretical  relationships  of  the  real  and 
imaginary  parts  of  the  dielectric  constant  to  the  frequency  in  infrared 
region  of  the  spectrum  obtained  in  these  works  could  be  brought  into  a 
sufficiently  good  agreement  with  the  experimental  curves  ever,  with  rel¬ 
atively  high  concentrations  of  the  free  carriers  Hg^lO  '  to  1019  cra*“3. 

Conduction  current  through  the  crystal  is  a  result  of  a  drift  in 
the  direction  of  the  field  of  undegenerate  electron  gas.  Dissipation 

losses  are  defined  by  the  quantity  V  =  where  Te  is  electron 

relaxation  time.  Complex  polarization  is  a  result  of  combining  the  elec¬ 
tric  moments  brought  about  by  lattice  vibrations  and  by  the  carriers  of 
the  charges. 

The  formula  for  real  and  imaginary  parts  of  the  dielec¬ 

tric  constant  of  the  crystal  (the  symbol  6  indicates  the  presence  of 
through  conductivity)  was  obtained  on  the  basis  of  assumption  made  above 
similarly  to  [l08]: 


«;  («■)  “•»+  +  *i«»i  Zi  ■«.  (-■ + 't)  • 

4 

.  (“I  («»_»«)  + 4 1,«>  ■**!* 


(5.116) 


(5.117) 


In  the  expressions  (5.116)  and  (5.117)  the  first  terms  represent 
the  spectrum  of  the  lattice,  i.e.  V  an(*  Sg=o^~  * 

and  the  second  sums  represent  the  spectrum  of  the  current  carriers.  Sum¬ 
mation  with  respect  to  i  takes  into  account  the  contribution  of  differ¬ 
ent  lattice  vibrations;  summation  with  respect  to  k  takes  into  account 
the  contribution  of  different  types  of  carriers  (electrons  and  holes). 

In  the  formulas  (5.116)  and  (5.117)  zkek  is  effective  charge  (henceforth 
zk=+l),  and  N  is  the  concentration  of  free  carriers,  S£  is  the  pcwer 
of  the  oscillator. 


Next,  a  number  of  simplifications  are  possible.  Inasmuch  as  we 
are  concerned  with  the  soft  ferroelectric  mode,  i.e.  with  the  frequency 
C*>T  of  the  transverse  optical  vibrations  which  is  considerably  lower 

(at  least  by  3-10  times)  than  the  other  natural  frequencies  and  is 

characterized  by  a  large  value  of  ^ 10  »  c>,e  effect  of  all  of  the 
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remaining  addends  in  £'  and  £"  may  be  neglected  both  in  the  region  of 
resonance  and  away  from  it  (OJ  ^  without  special  denri- 

meat  to  later  evaluations.  In  doing  so,  we  have  s2  =(£^  -  where 

^s  is  a  static  (W<^£*?x)  dielectric  constant  of  the  lattice.  If  we 
limit  ourselves  to  taking  inf v  account  the  contribution  of  froe  carriers 
of  a  certain  t/pe  (for  example,  electrons)  and  if  we  take  into  consideration 


that  with  £i)~»0 


e2SV 


where 


is  electric  conduc* 


m*(a>2~v2)  m*V 

tivity  measured  with  a  permanent  field,  ra*  is  effective  mass,  then  (5.116) 
and  (5.11?)  will  he  rewritten  in  the  following  manner: 


*•  (")“*<*  +  {*#  -“*•)  “r  ~  Tfu  5 

*•  (“)  ~  *4  (»1— * 


(5.118) 

(5.119) 


We  will  determine  now  the  effect  of  the  terms  on  the  char¬ 
acter  of  £^(4))  and  (tO)  in  the  region  of  the  frequencies 

and  lower.  It  is  obvious  that  the  position  of  the  maximum  of  g'g  {6i>) 

(it  exists  when  y^.  ^0.5*Oj  are  sufficiently  small)  changes  little 
since  the  effect  of  free  carriers  amounts  to  an  addition  of  a  practically 
constant  quantity  even  when  'tf2<'^02  „  This  also  applies  to  the  position 
of  the  center  of  the  absorption  line,  i.e.  (fa>>masc.  The  position  of 

the  point  of  £'^(o»)=0  defining  the  frequency  of  the  plasma  resonance 
may  change  most. 


Expanding  (5.118)  into  a  series  with  respect  to  = 


determining 


w. 


and 


from  the  ccndiCion  £*  (tJ)=0  we  will  find: 


4- 
•*r  ' 


•+- 


“53 - 


3m,v 


(5.120) 


"K‘+£) 


With  sufficiently  large  values  of  the  concentrations  Nc,  i.e.  ^s» 
the  value  of  may  prove  Co  bo  largo.  In  this  case  u>q  is  d.eter- 

v  *  / 

mined  from  the  equation 

•* 

(5.121) 


And  if  attenuation  is  sufficiently  small  ( yT  <0.54^),  then  from 
the  equation 

(5.122) 


(Condition  of  low-frequency  plasma  resonance). 
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The  effect  of  free  carriers  on  £"(<*>)  should  be  characterized 
by  the  quantity 

—  <*  (*y)  “  {*«  —  «m!  +  --1**  •  — • 

In  the  case  when  the  free  carriers  are  electrons,  the  second  terras 
in  (5.118)  and  (5.119)  prove  to  be  conmensurabie  with  £,'s  when  the  values 
of  Ne  are  reasonable,  i.e.  obtained  by  experiment.  Generally  speaking, 

the  value  of  "V=  ^  changes  according  to  the  sign  of  the  carriers  [lOQ], 

In  the  case  of  n-typs  electric  conductivity  the  relaxation  time  is  rela¬ 
tively  long  ^  ££i0*’  sac“^)  and  in  the  case  of  p-type  electric  con¬ 
ductivity  the  relaxation  time  is  short  (“V=  ^  =  lO1^  san“^.  The  former 
case  is  of  the  greatest  interest.  As  regards  the  effective  mass  m*, 
according  to  experimental  data  this  quantity  varies  in  a  range  of  0.04  to 
0.2  in  the  case  of  the  values  of  concentration  with  which  we  are  con¬ 
cerned.  Henceforth  Che  larger  value  of  m*=0. 2  is  used.  It  is  clear 
that  with  smaller  values  of  m*  the  effects  of  the  influence  of  the  car¬ 
riers  will  be  observed  in  the  case  of  smaller  concentrations  Ne.  With 

the  assumptions  which  have  been  made  f>s~  —10  Ne  sec-  (for 

p-type  semiconductors  <^S=10“^  Ne  sec"*). 

Coming  back  to  formula  (5.121),  neglecting  unity  in- comparison 
2 

with  — —  and  the  second  term  in  the  denominator  and  taking  for  SrTiCh 
0>2 

s  VT>300°K:S0*l5<Ur  ^0*=5*  Ss*230)  <see  [50]X  «e  have  for 

fl#l0-3.  However,  already  with  Ne— 0.5  *  10*'  cm--’  ~o  and  with 

cm-3  -  -2.4  *  !0-2,  and  with  Nc-iSCl0^^  cro"3  —  -0. 24. 

In  doing  so,  formula  (5.120)  becomes  incorrect  and  formula  (5.121)  or 

A W 

(5,122)  should  be  used;  With  the  approach  to  Curie  change  little 

although  increases  approximately  by  one  order;  according  to  exper¬ 

imental  data  in  [50]  the  value  of  J 2/f*>~  increases  approximately  by 

by  this  same  magnitude  (increase  of  anharmonicity  and,  consequently,  of 
the  losses). 

The  curves  £'^(W)  calculated  on  the  basis  of  ’,5.118)  aco  shown 
In  Figure  5rl9.  The  second,  the  low-frequency  point  of  the  passage  of 
of  (5.121)  through  zero  has  a  certain  singularity:  with  a  suffi¬ 

ciently  high  concentration  (Nc>10*8)  away  from  <*>T  or  with  higli  -yT 
in  the  region  of  the  maximum  a  low-frequency  plasma  resonance  is  realized 
under  the  conditions  of  a  weak  frequency  dependence  of  £*.  This  applies 
especially  to  the  case  described  by  formula  (5.122)  whan  the  fsxistence  of 
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Figure  5,  9.  Frequency  dependence  of  with 
T 

—  —7.5  and  y-f=0»  15  for  different  concentra¬ 
tions  of  carriers. 


N„,  cir* 


1  —  0;  2  -»  1.5  •  1017 ;  3  —  1  •  ld8; 


a  —  3  ♦  10  ;  5  —  5 


longitudinal  waves  is  possible  in  a  certain  frequency  or  temperature 
region  (inasmuch  as  the  condition  (5.122)  can  be  satisfied  by  the  varia¬ 
tion  of  both  variables  (a)  and  T).  The  width  of  this  region  can  be 
determined  if  the  space  dispersion  of  £,'^  is  taken  into  account. 

The  relationship  t"  (<*>)  with  different  concer- '.rations  is  clear 
from  (5.J19).  With  increase  of  Ne  the  magnitude  of  the  maximum  of 
the  absorption  line  is  masked  by  additional  losses  brought  about  by  plasna 
the  effect  of  which  decreases  with  the  approach  to  Curie  point  8  since 


the  value  of 
ure  5.20. 


increases.  The  curves  of  £’ ^(1 ')  are  given  in  Fig- 


7.  Effect  of  Space  Dispersion  on 
Optical  Constants 

In  the  exesoi  >tion  of  electromagnetic  caves  in  different  media  a 
local  coupling  between  the  induction  vector  D  and  the  field  E  is  usually 
postulated,  l.e. 

D,{ (5.123) 


presence  of  absorption  the  tensor  of  the  dielectric  constant 
lex  quantity,  i.c.  D  is  replaced  by  D  -  i  -  j  where  j 


In  the  presence  of  abs 
is  a  complex  quantity,  i 

is  conduction-current  density 
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In  the  definition  (5.123)  depends  on  frequency  and  no  ac¬ 
count  is  taken  of  the  dependence  of  on  the  wavelength  with  this 

dependence  caking  place  if  in  the  period  during  which  the  particles  move 
in  space  (vibrations  of  the  lattice  atoms,  the  range  of  conduction  elec¬ 
tron,  etc.)  the  field  E  has  time  to  change  (see  [ill,  112]).  The  mag¬ 
nitude  of  the  space  dispersion  of  characterizing  the  departure 

beyond  the  limits  of  local  coupling  (5.123)  is  defined  by  the  parameter 

in  which  "a"  is  a  length  (the  size  of  molecules,  Debye 

shielding  radius,  etc.)  characteristic  for  a  given  medium,  ~~  is 

Ao  ,  0  W 

the  wavelength  in  vacuum,  ~n~  -  A  is  the  wavelength  in  the  medium,  and 

n  is  refraction  index.  For  the  usual  condensed  media,  in  the  region  of 

optical  frequencies  f=10^  to  10^  hertz,  the  parameter  -r —  =10~7  to 

10“  ,  and  the  effect  of  space  dispe"sion  is  negligible.  However,  near 
the  plasma  resonance  where  or  ^p'  a  reg‘on  where  £^(60,  T)~4 

~>oo  when  refractive  index  anomalously  increases  and,  accordingly,  the 
<in 

parameter  •=-  also,  space  dispersion  may  prove  to  be  considerable. 

/l0 

Space  dispersion  can  be  taken  into  account  in  dynamic  equations  if 
the  field  E  written  in  the  form  of  a  wave  propagating  in  a  crystal  ir. 

<in 

introduced  into  them.  However,  if  the  parameter  ^  is  not  very  large 

a  phenomenological  approach  is  possible.  In  this  case,  unlike  (5.123)  the 
relation  between  D  and  E  is  written  in  the  form  of  an  expansion  with  re¬ 
spect  to  the  space  derivatives  o?  the  field  E,  i.e. 


A  *• ("!  A  +■  Uki  M  *.»<•  M  ~i • 
As  usual,  summation  is  over  twice  repeated  subscripts. 


(5.124) 


The  term  with  is  responsible  for  the  appearance  of 

natural  optical  activity  in  the  crystal  O  (see  [ill]).  It  disappears 
when  the  body  has  a  center  of  symmetry.  With  respect  to  the  order  of 
magnitude  *YikL  Quadratic  terra  in  the  expansion  (5.124  exists 

regardless  of  the  presence  of  the  center  of  symmetry  and  .  *s 

of  an  order  of  *2.  2)  iki  * 

1)  I.e.  appearance  of  a  double  refraction,  and  rotation  of  polari¬ 
zation  plane  of  a  linearly  polarized  v;ave  (see  [ill,  113]). 


2)  It  can  be  shown  that  the  value  of 


from  (5.124)  is  c.on- 


a  * 

nected  with  the  parameter  o  contained  ir.  the  correlation  term  in  the  ex¬ 
pansion  of  thermodynamic  potential  <^=dp2  J.  +. ..+  <5(grad  P)2 

(see  chapter  1,  paragraph  I).  In  the  example  examined  in  chapter  l  $  S£- 


—  —  d2  where  d  is  lattice  constant. 


. . .  . lum&i 


Figure  5.20.  Temperature  dependence  of 
cJ 


when 


-0.2  for  different  concentrations 


of  the  carriers. 


Ne,  cm"3:  1  --  0;  2  5  •  1017;  3  —  10 

4  -  3  •  1018;  5  ~  1019. 
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Henceforth  a  case  of  an  isotropic  medium  will  be  examined  for  sim¬ 
plicity  and,  consequently,  the  subscripts  in  (5.124)  will  be  omitted. 

If  the  medium  has  a  center  of  synwetry,  then  after  a  substitution 
of 

E-E0tsp(i(-<-«*K))  (5.125) 


(s  is  a  unit  vector) 
we  have: 

0jwt£4; 

(5.126) 


where  -  iX  is  c  complex  refraction  index  ( X  is  absorption  index). 


The  expansion  (5.124)  and,  consequently,  (3.126)  are  used  when  £ 
is  a  small  quantity. 


If  £ —poo  and  n  is  correspondingly  large,  the  relationship 


A.1 

£  Di  is  inverse  dielectric  constant 

I'l  »ar  t'_l  (  5»  i  2  7  ) 

with  the  magnitude  o<"  fi  coinciding  with  Ci.  with  respect  to  the  or!er  of 
magnitude. 

We  will  examine  now  the  singularity  of  behavior  of  electromagnetic 
waves  when  i — K)  and  t  — »  GO  . 

Propagation  of  plane  waves  is  defined  by  Maxwell  equations: 


whence 


B-*[»E|;  D  —  — rf  (till, 
{E — •<»£;>}. 


(5.128) 


Substituting  into  (5.128)  D=  and  £=£  -  Nn2  we  will  obtain 
a  equation  tor  n  t!  -  following  multiple  solutions  for  a  trans¬ 


it  rom  the  equat 
verse  wave  (sE=0) 


"l2=f“f*  and  if  Ct<^1 


n2  - 
^12 


For  longitudinal  waves 


■  (*E)  «-3  E. 

«i-^. 


(5.129) 


As  is  known  l *  1 2 »  113],  longitjdina!  waves  exist  when  £•— K)  other¬ 
wise  n,~ 4  oc*  and  the  parameter  of  expansion  becomes  anomalously  large 

ho  \ 

and,  consequently,  the  entire  macroscopic  approach  becomes  ille¬ 

gitimate.  The  conoition  ^"^.1  together  with  (5.129)  defines  the  fre¬ 
quency  region  of  the  existence  of  piasma  waves. 


1  ^ 

For  ferroelectric  "soft  mode"  (tOT  lCr“)  we  have 

anl  -2  T  --  3 

ar.d  assuming  -y-^lO'  ,  we  will  obtain  n3-<tiQ  . 

*0 


dOilO 


•12 


Taking  (5.129)  into  account  we  see  that  the  region  of  existence  of 
plasma  waves  is  limited  by  the  values  of 


It  is  is  easy  to  perceive  from  tormulas  (5.129)  that  this  region  is 
very  ,.urrow.  With  the  approach  to  Curie  point  and  taking  into  account  the 
increase  of  £'  ar.d  decrease  of  of  this  regicr  becomes  even  narrower  (in¬ 
crease  of  attenuation  *y  with  T — causes  little  change  in  this 
result). 


To  determine  n(  )  of  the  transverse  waves  near  Curie  point  it  is 
necessary  to  make  use  of  formula  (5.127)  which  after  a  substitution  Into 
(5,128)  gives  the  following  approximate  solutions 

(5.130) 

/if  —  fi  —  •'$  +  ...|. 

(5.131) 


w4  ;h  the  condition  that 


'***•' “13?  ~<*- 


(5.132) 


Inasmuch  as  tf,e  <_.-i.dition  (5.132)  is  -.atisfied  when 

£.>$10'.  An  evaluation  indicates  t"  at  afsci*  nearly  iu  the  entire 
range  of  values  of  and  *  for  most  ferroelectrics.  Space  dispersion, 
the  second  ter..:  in  (5.130)  .,-ecomes  tangible,  i.e.  of  the  order  of  10"2 
only  in  direct  proximity  to  9.  However,  in  this  case,  observation  of  the 
usual  spectrum  is  made  difficult  by  dissipations  in  fluctuations. 

The  second  root  of  r.2  is  very  large:  112^  10^  away  from  the 
resonance.  In  direct  proximity  to  the  point  of  £'  (oi)~0  n 2— >e»  and  then 


changes  ti  a  sign 


—  00  (Figure  5.19). 


If  it  is  assumed  that  in  this  region  the  value  of  n2  is  finite 

2 

because  of  the  effect  of  attenuation  and  passes  through  zero,  then  in  a 
very  narrow  frequency  region  n-j  may  have  reasonable  values,  i.e.  a 
second  transverse  wave  may  exist.  With  the  approach  to  Curie  point  the 
width  of  both  lines  narrows  owing  to  an  increase  in  the  absolute  value 
of  £'.  With  all  of  the  other  values  of  <*)  >10°  (with  n2<0  n2~ 

=  -  *2)t  i>e.  s  total  internal  reflection  takes  place. 

In  the  absence  of  a  canter  of  symmetry  in  a  crystal  and,  conse¬ 
quently,  for  all  ferroelectrics  in  a  region  where  0>  a  first-order 

term  appears  in  the  expression  (5.124)  and  in  this  case 


D=  £  E  -  i  f [ s  E ] . 


Inasmuch  as  we  are  zoncerned  with  transverse  waves  (lor  plasma 
[sty-0),  when  the  values  of  &  arc  large  we  have: 


K  -  V  + '»  l*D>  "• 


(5. 133) 


where  g  has  an  order  ot  -r—  “  "V£ 

*0 

Substituting  (5.133)  into  (5.128)  we  will  obtain  for  n~  a  cuoi< 
equation 

,  ,  (ni  v 

*5n'“(r“V  “■<>•  (5.134) 

JL  . 

which  has  the  following  approximate  solutions  when  g£i<^l  L!13j: 


228 


■J 


i 


(5.135) 

(5.136) 


Inasmuch  as  g^.10*6  near  CiUj,  the  condition  (&£3/2<^l)  is  sat¬ 
isfied  when  £(U)f  T)^i03.  However,  for  ferroelectrics  not  having  a 
piezoelectric  effect  the  temperature  region  above  the  transition  point 
where  approximate  solutions  (5.135)  and  (5.136)  are  valid  ,  may  be  ex¬ 
panded  owing  to  the  circumstance  that  the  value  of  g2  must  depend  on 
temperature  as  (©  -  T;  where  v^l  is  a  quantity  dependent  on  the 
character  of  the  transition. 


It  follows  from  (5.135)  and  (5.136)  that  with  the  approach  to 
Curie  point  the  effect  of  space  dispersion  for  waves  described  by  the 
refractive  indices  ^  considerably  increases. 

Waves  defined  by  n3  appear  owing  to  space  dispersion  and  their 
behavior  greatly  depends  cn  t(cs  J ,  T).  However,  it  should  be  remembered 

that  the  range  of  values  of  n.  ^  3  (oJt  T)  having  physical  sense  is 
limited  by  the  conditions  *and  g^l. 

*0 

In  taking  anisotropy  of  a  crystal  into  account,  space  dispersion 
leads  to  a  number  of  new  effects  (in  particular  to  s  weak  optical  aniso¬ 
tropy  of  cutic  crystals,  see  [ 1 13 ]) »  It  may  be  supposed  that  for  ferro¬ 
electrics  these  effects  jnust  be  very  strongly  marked. 

We  will  also  note  that  in  the  presence  of  high  electric  conductiv¬ 
ity  in  a  crystal,  brought  about  by  electrons  the  effect  of  space  dispersion 
considerably  increases  [107],  With  a  sufficiently  high  concentration  of 

free  carriers  (Ne^l017  and  higher)  the  parameter  ( ^  ~  10~? 

to  10"8.  \^0y  -'-gc/ 


00 


0 


A  value  close  to  this  one  results  if  it 
adDe  where  for  undegenerate  electron  gas 


is  considered  that  near 
D ..=•■( - - - V  (see 


£5le2N#.cj 


[112]). 


Thus,  for  electron  gas 

to  10"8;  g  '-'10'^. 

A  considerable  change  in  the  orders  of  these  values  in  comp;' ri son 
with  the  usual  crystals  and  ferroelectrics  leads  to  ar.  appearance  °f  a 
number  of  singularities  in  the  relationships  n(c*>T)  [107]. 

Thus,  for  ferroelectrics  (especially  for  ferroel  '.trics-sensicon- 
ductors)  taking  space  dispersion  into  account  becomes  important  in  the 
frequency  region  of  "soft  mode". 
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The  use  of  dynamic  theory  proves  to  be  necessary  in  describing 
the  raicroraechanisra  of  ferroelectric  transitions  in  which  the  frequency 
of  "soft  mode"  becomes  zero  or  reaches  ancxaaleusly  low  values. 

Temperature  dependence  of  the  halfwidth  and  intensity  of  the  band 
corresponding  to  a  ferroelectric  vibration  in  Raman  and  infrared  spectra 
sharply  differs  near  the  transition  point  from  the  temperature  dependence 
of  the  halfwidths  and  intensities  of  the  other  lines  of  the  spectra. 

At  the  present  time  all  theoretical  predictions  bear  only  a  qual- 
f-ative  character  and  are  made  for  relatively  simple  models.  Some  of 
taem  have  already  received  experimental  corroboration  (see  chapter  15). 

The  further  development  of  dynamic  theory  may  proceed  in  several 
directions.  Firstly,  attempt  can  be.  made  to  do  the  calculations  for  more 
complex  models  in  order  to  obtain  results  related  to  concrete  ferroelec¬ 
tric  transitions.  Secondly,  predictions  and  theory  of  new  physical  effects 
connected  with  the  "soft  mode'1  are  of  a  great  interest,  for  example  study 
of  anomalous  behavior  of  Messbauer  line  at  the  transition  point  [llO,  115], 
damping  of  sound  [  1 1 6 j ,  effect  of  the  appearance  of  a  new  bound  ferroelec¬ 
tric-acoustic  mode  [ 1 17],  etc. 

Finally,  a  promising  direction  is  the  search  for  physical  mechan¬ 
isms  responsible  for  the  appearance  of  ferroelectric  mode,  study  of  the 
vibration  spectra  of  ferroelectrics-semiconductors,  etc.  Thus,  the  pos¬ 
sibilities  of  dynamic  theory  of  fcrroelectrici ty  have  not  yet,  by  far, 
been  exhausted. 
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Pay.  .finition  ot  Group 

r.ny  set  G  of  elements  for  which  the  following  6  conditions  are 
satisfied  is  called  a  group. 

1,  For  all  elements  of  the  set  G  there  is  a  defined  "multiplica¬ 
tion"  operation  which  puts  into  correspondence  to  any  two  elements  ‘‘a" 
and  b  ?.  third  clement  c; 


c-ab. 


(6.1) 


In  doing  so,  generally  speaking  afr^=  pa.  *’ 


2.  Multiplication  operation  is  associative,  i.e.  for  three  arbit¬ 
rary  elements  a,  b  and  c 


a(bc)=<ab)c. 


(6.2) 


I.  A  set  contains  a  unit  element  F,  having  the  property  that  for 
any  element  "a"  of  the  group 


aE“EA-a . 


(6.3; 


6.  Together  with  the  element  "a"  a  set  contains  an  element  a"l 
having  the  property  that 


-In=E. 


(6.6) 


The  simplest  examples  of  groups  are;  a)  all  real  numbers  including 
sere  (addition  is  a  group-multiplication  operation),  b)  all  rational  posi¬ 
tive  fractions  except  aero  (multiplication  is  a  group-multiplication  oper¬ 
ation),  c)  the  aggregate  of  symmetry  operations  leaving  the  energy  of  a 
body  invariable  under  specified  conditions. 

1)  A  group  tor  all  elements  of  which  ab^ba  is  called  Abelian  group. 
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Every  subsec  of  a  group  is  called  a  subgroup  if  it  is  a  group  with 
respect  to  the  same  group-multiplication  operation. 

ihe  order  ii.e.  the  number  of  elements)  of  *  finite  subgroup  con¬ 
taining  a  finite  number  of  elements  is  a  divisor  of  Che  gioup  oraer. 

The  simplest  example  of  a  subgroup  is  a  subgroup  of  all  integers 
in  a  group  of  ail  real  numbers  (group  multiplication  is  addition). 

Par.  Symmetry  Transformations.  Crstal  Symmetry 

By  symmetry  transformations  are  meant  those  displacements  of  a 
body  which  superpose  it  with  itself,  or  those  transformations  of  coor¬ 
dinates  which  leave  the  energy  of  a  system  invariant.  Each  one  of  the 
possible  .symmetry  transformations  may  be  represented  in  the  form  of  a 
combination  of  a  turn  of  a  body  by  a  certain  angle,  a  secular  reflection 
of  the  body  in  a  certain  plane  and  parallel  transfer  over  a  certain  dis¬ 
tance1. 

Symmetry  transformations  of  a  given  body  always  form  a  group. 

For  a  body  oi  finite  dimensions  ail  symmetry  axes  and  planes  apparently 
"'-ust  have  a  common  point  of  intersection  in  order  that  the  application 
ymmetry  operations  would  not  lead  to  a  progressive  motion  which  can- 
■  •:  superpose  a  body  with  itself >  This  restriction  also  applies  to 
stry  operations  which  transform  each  direction  in  a  crystal  into 

equivalent  to  it. 

Symmetry  groups  having  the  property  mentioned  are  called  point 

groups. 

Crystals  having  one  and  rhe  same  point  group  form  a  crystal  class. 
Altogether,  32  crystal  classes  exist. 

Two  systems  of  notations  of  symmetry  operations  and  symmetry  groups 
of  the  crystals  are  usually  employed.  In  Schoer.il ies  system  indi- 

cates  turns  by  anglss  that  art  multiples  of  —r—  ,  indicates  mirror 

2%  k 

turns  by  angles  that  are  multiples  of  — — ,  i.e.  turns  with  a  following 

k  l) 

mirror  reflector  in  a  plane  perpendicular  to  the  axis  of  rotation. 

The  axis  with  the  largest  index  k  for  a  given  point  group  i.» 
called  principal  axis.  Reflection  plane  perpendicular  to  the  principal 
axis  is  denoted  by  the  plane  containing  the  principal  axis  by 

or  Sacond-order  symmetry  axis  perpendicular  to  the  principal 

1)  The  spacing  of  crystal  structure  imposes  limitations  on  per¬ 
missible  turns.  The  point  groups  of  crystals  can  contain  only  combina- 

tions  of  reflections  and  turns  by  the  angles  -,  — ,  t  and  •£. 
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axis  is  sometimes  denoted  by  U2*  A  transformation  which  carries  each 
r  vectoi  into  a  -r  vector  is  called  inversion  and  is  indicated  by  I 
(1=  h  *  C2»  i«e.  it  represents  a  second-order  mirror  turn). 

In  the  international  system  of  notations  a  k-order  cxis  is  denoted 
by  k,  the  mirror-rotation  axis  --  by  k,  an  axis  and  a  reflection  plane  per- 

pendicular  to  it  --  by  k/m  or  -  (we  will  recall  that  here  k  is  an  in¬ 
dex  equal  to  2,  3,  4  and  6  according  to  the  order  of  the  axis,  and  m  is 
a  letter),  an  axis  and  one  or  more  second-order  axes  perpendicular  to  it 
--  by  k2,  an  axis  and  one  or  several  reflection  planes  parallel  to  it  -- 
by  km,  a  mirror-rotation  axis  and  one  or  several  twofold  axes  perpen¬ 
dicular  to  it  --  by  k2,  a  mirror-rotation  axis  and  one  or  several  reflec¬ 
tion  planes  parallel  to  it  —  by  km,  am  axis  and  reflection  planes  per¬ 
pendicular  and  parallel  to  the  axis  —  by  (k/m)m  or  ~  m. 

m 

In  Tabic  14  are  given  Schoenflies  notations  and  international 
notations  of  32  crystal  point  groups  (crystal  classes).  In  addition 
to  the  complete  international  system  of  notations  which  was  discussed 
above.  Table  14  also  gives  an  often  used  abbreviated  system  which  differs 
from  the  complete  system  only  by  that  a  portion  of  elements  having  a 
relatively  low  symmetry  is  omitted  from  it  but  in  such  a  w -v  that  the 
symbol  retains  the  basic  signs  of  a  given  crystallographic  class.  For 
example,  an  abbreviated  notatior  corresponding  to  a  complete  notation 

4  2  2 

-  is  4/romm  (second-order  axes  are  omitted). 

ra  m  m 

In  describing  the  total  symmetry  of  a  crystal  (and  not  of  the 
group  of  equivalent  directions  alone)  the  crystal  lattice  is  considered 
to  be  infinite.  In  doing  so,  along  with  the  turns  and  reflections  a 
crystal  lattice  also  hns  translation  symmetry  -*  a  property  of  bei.'» 
able  to  coincide  with  itself  in  parallel  displacements  of  the  lattice 
vector,  ana  it  also  may  have  special  symmetry  elements  --  screw  axes 
which  represent  a  combination  of  rotation  with  a  subsequent  translation 
along  the  rotation  axis  over  a  portion  of  the  lattice  spacing;  it  may 
also  have  glide  planes  which  represent  a  combination  of  a  specular-re¬ 
flection  plane  with  a  subsequent  translation  along  the  direction  lying 
in  this  plane. 

An  arbitrary  crystal-lattice  vector  may  be  represented  in  the 
following  form: 

r=n^a  +  n.,b  +  n^c 

where  n2  and  n-j  are  integers  and  a,  b  and  c  are  the  b-.se  vectors 

of  the  translations. 

The  point  group  of  a  crystal  imposes  certain  restrictions  on  the 
base  vectors  of  translations.  Altogether  14  types  of  point  lattices  are 
possible,  which  follow  from  the  application  of  symmetry  operations  to  a 
point  lattice  of  a  general  type. 
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0  Hexagonal  syngony  may  also  contain  classes  of  rhombohedral  syngony. 
Key:  (1)  Syngony 

(2)  Trictinic.  Bravais  lattice  F.  Symmetry  lc 

(3)  Menoclinic.  Bravais  lattices  P,  C.  Symmetry  2/m. 

(4)  Rhombic.  Bravais  lattices  F,  C,  I,  F.  Symmetry  mnsn. 

(5)  Tetragonal.  Bravais  lattices  P,  I.  Symmetry  4/nrcm. 

[Key  continued  on  nest  page] 
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Key  tc  Table  (continued: 


(6)  Rhonbohedral  (trigonal).  Rravais  lattice  R.  Symmetry  3ra. 

(7)  Hexagonal.  1)  [See  footnote  on  preceding  page].  Bravais 

lattice  P.  Symmetry  6/mran. 

(8)  Cubic.  Bravais  lattices  P,  I,  F.  Symmetry  ra3m. 

(9)  Schoenflies  notations, 

(10)  International  notation. 

(11)  Complete. 

(12)  Abbreviated. 


Figure  6.1.  Types  of  Bravais  lattice. 

Arrowheads  indicate  the  base  vectors 
for  primitive  lattice  P. 

These  lattices,  called  Bravais  lattices,  are  classified  according 
to  seven  syngonies  (systems)  as  shown  in  Table  15  (several  types  of  Bravais 
lattices  may  correspond  to  one  syngony).  The  types  of  Bravais  lattice 
are  denoted  by  symbols  defining  the  type  of  the  unit  cell  (Figure  6.1): 

P  indicates  a  primitive  cell,  C  —  a  centered-base  cell,  I  —  a  body-cen¬ 
tered  cell,  F  —  a  1  ace-centered  cell,  R  —  a  primitive  cell  but  only 
of  triclinic  syngony. 

Tf  a  crystal  contains  only  one  atom  in  the  unit  celi,  then  its 
symmetry  coincides  *th  the  symmetry  of  syngony  to  which  it  belongs. 

If  h'.wever,  the  unit  cell  contains  several  atoms,  the  crystal  may  have 
fewer  symmetry  elements  than  its  syngony,  and  screw  axes  and  glide  planes 
may  be  among  them. 

In  the  nternationai  notations  the  screw  axis  is  assigned  a  subserpt 
for  example,  is  a  second-order  screw  axis  with  displacement  along  the 
axis  following  a  rotation  by  half  a  period,  and  the  glide  plane  is  denoted 
with  the  letters  a,  b,  c,  n  or  d  according  to  the  type  of  the  glid^ 

(see  in  more  detail  in  the  book  [_l],  pp  46,  47). 
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Altogether  232  space  groups  exist  which  describe  crystal  symmetry. 
In  Schoenfiies  notations  a  space  group  is  denoted  by  a  symbol  for  the 
crystal  class  to  which  a  given  crystal  belongs,  with  a  number  correspond¬ 
ing  to  the  given  group.  International  notations  are  more  detailed.  They 
start  with  *  letter  describing  the  type  of  the  lattice  (P,  C,  I,  F  or  R) 
followed  by  r.he  notation  for  the  minimal  set  of  symmetry  elements,  which 
characterizes  the  group. 

Examples: 

A  crystal  of  —  a  space  group  in  tetragonal  phase  D^j,  *s 

in  international  notations  I42dj 

barium  titanate  (above  Curie  temperature)  —  a  space  group  0^,  is 
in  international  notations  Pm3ra; 

a  crystal  of  NaNC>2  in  ferroelectric  phase  —  a  space  group  ,  is 
in  in'.  ernation3l  notations  Im2m. 


Par.  Elements  of  Representation  Theory 

We  will  examined  a  set  f  of  linearly  independent  functions 
^2,  having  the  property  th?*  they  transform  into  each  other 

upon  the  action  on  them  of  any  group  element  a: 

«?i  -“2 <■*<»*•  (6.5) 

Here  the  elements  "a"  are  regarded  as  operators.  Examples  of 
may  be  provided,  in  particular,  by  the  components  of  some  vector,  for 
example,  electric-field  or  polarization  vector  Px,  Py,  Pz  (in  this  case 
f-3).  Then  a  third-order  matrix  C<  will  correspond  to  each  element  of 
the  group  C,  [sea  (6.5)]. 


Figure  6.2<  Transformation  of  polariza¬ 
tion  components  Px,  Py  P2  with  a  rotation 
around  a  fourth-order  axis. 


-  2^2  - 


As  may  be  seen  from  Figure  6.2,  with  rf  .ction,  for  example,  of 
a  rotation  by  Jf/2  around  a  fourth-order  a,  • s-  o.ieited  along  the  z-axis 
the  components  Px,  Py  and  P2  are  transformed  in  accordance  with  the  fol¬ 
lowing  rules: 


C,P  =P 
4  x  y, 

C,P  =  -  P 
4  y  a 

C  p  =P 
4  z  2 


and,  consequently,  the  matrix  a=/a has  the  following  form: 


<6.6> 


It  is  said  of  a  set  of  matrices  for  all  Ciements  of  a  group 

that  they  form  a  representation  of  the  group.  The  functions  tfy,  <f>2*** 
•••  ,*f  are  called  the  basis  of  representation  and  the  number  f  --  its 
dimensionality. 

If  a  linear  unitary  transformation  S  is  carried  out  on  the  func¬ 
tions  cfp  cp2, ....  ^Pf 


(6.7) 


then  the  functions  Cf>' i  form  the  basis  of  a  new  representation.  The 
following  matrices  will  have  such  a  representation 

(6.S) 


whose  traces  (the  sum  of  diagonal  elements)  will  be  the  same  as  in  the 
fc.tner  representations. 

The  traces  of  representation  matrices  are  called  characters  of  a 
representation,  and  representations  with  the  same  characters  are  called 
equivalent  representations. 

If  an  element  of  a  group  is  meant  by  the  transformation  S,  then 
S“laS=b  is  also  sn  element  of  the  group.  It  is  said  of  the  totality  of 
all  of  these  elements  that  chey  form  a  class,  and  it  follows  from  (6.8) 
that:  the  characters  of  all  elements  of  a  give.-  class  are  the  same  for 
any  representation. 

It  may  turn  out  that  the  basis  functions  can  be  broken  into  sev¬ 
eral  sets  which  with  the  operation  of  ail  elements  of  the  group  are 
transformed  only  in  terms  of  each  other.  For  example,  for  the  group 

the  components  of  polarization  vector  Px  and  Py  wiil  be  transformed 
while  the  component  Pz  (.oriented  along  the  principal  axis*  will  reavnin 
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invariant  or  will  change  si3n.  A  representation  in  accordance  with  which 
such  a  basis  is  transformed  is  called  reducible.  A  set  of  functions 
which  cannot  be  broken  up  into  such  subsets  will  form  the  basis  of  an 
irreducible  representation.  An  example  may  be  provided  by  the  vector 
components  Px  and  Py  for  the  group  and  or  three  vector  components 
P x*  %  and  Px  for  tne  groups  0,  Oj,  or  T^.  And  a  set  of  the  components 
Px»  Pv  and  Ps  for  the  group  is  the  basis  of  a  reducible  representation. 

The  number  of  nonequivalent  irreducible  representations  for  a  given 
group  is  equal  to  the  number  of  classes  in  it  and  the  sura  of  the  squares 
of  dimensionalities  of  irreducible  representations  is  equal  to  the  order 
of  the  group. 

The  matrices  of  any  reducible  representation  can  be  reduced  by 
raeaus  of  linear  transformation  to  a  unit  form  1)  so  that  each  unit  will 
correspond  to  an  irreducible  representation. 


Such  an  operation  is  called  expansion  of  a  reducible  representation 
into  irreducible  representations.  The  number  of  times  which  an  ir- 

reducible  representation  X%  enters  a  reducible  representation  is  deter¬ 
mined  using  the  following  formula: 


(6.9) 


Here  N  is  the  order  of  the  group,  *X(a)  and  X«t(a)  are  the  characters 
of  a  reducible  and  irreducible  representation  respectively,  pertaining  to 
the  element  "al:  of  the  group.  Asterisk  indicates  the  sign  of  a  complex 
conjugate. 


The  relationships  (6.9)  are  widely  used  in  practice.  For  example, 
with  their  aid  ic  in  possible  to  determine  the  number  of  bands  in  vibra¬ 
tion  spectra,  to  determine  the  splitting  and  the  character  of  u  change 
In  these  bands  in  phase  transitions,  etc.  (see  chapter  5). 


Standard  notations  are  usually  used  for  irreducible  representations 
of  the  point  groups.  One-dimensional  representations  are  denoted  with  the 
letters  A  and  B,  two-dimensional  representations  —  with  E,  three-dimen¬ 
sional  representations  —  with  F  (the  point  groups  have  no  irreducible 
representations  of  greater  dimensionality).  The  functions  cf  the  bases 
of  tne  representations  A  are  symmetric,  and  these  of  the  bases  of  B  — 
antisymmetric  with  respect  to  the  rotations  around  the  principal  axis. 

The  subscripts  g  and  u  indicate  respectively  the  symmetry  and  anti¬ 
symmetry  with  respect  to  inversion.  Af  always  denotes  a  unitary  (fully 
symmetric)  representation,  t.e.  such  an  irreducible  representation  all 
characters  of  which  are  equal  to  unity. 


1)  By  a  matrix  of  unit  form  is  meant  a  matrix  in  which  ’'units-sub- 
matrices"  containing  nonzero  elements  are  arranged  along  the  main  diigonal 
and  all  of  the  remaining  elements  of  the  matrix  are  equal  to  zero.  An 
example  may  be  provided  by  the  matrix  (6.6)  in  which  units  J  0  i  j  ana  1 
can  be  :-*parated.  J-l  0} 
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Par*  4,  Irreducible  Representations  of  Space  Groups 

A  fundamental  property  of  crystals  is  translational  symmetry.  In 
the  language  of  group  theory  this  means  that  every  space  group  G  con¬ 
tains  an  Abelian  subgroup  of  translations  'P.  A  subgroup  of  translations 
has  one-dimensional  irreducible  representations  each  one  of  which  is  con¬ 
nected  with  a  certain  value  of  the  wave  vector  q  30  that  in  an  irreduc¬ 
ible  representation  x*q  of  a  translation  t  corresponds  to  exp  -  iqt. 
Two  vectors  q  and  are  equivalent  (i.e.  one  and  the  same  representa¬ 

tion  corresponds  to  them)  if  they  differ  by  the  reciprocal-lattice  vector; 
the  base  vectors  b^  of  the  reciprocal  lattice  are  determined  from  the 
conditions 

b*»»  “*«•  (6.10) 

where  afc  are  the  base  vectors  of  translations  (or,  as  they  are  called, 
"direcf'-lattice  vectors)  (Figure  6.1)  and  is  a  Krontcker  symbol. 


Figure  6.3.  The  star  of  wave  vectors  (q), 
connected  with  the  point  x  of  Brillouir, 
tone  of  a  primitive  tetragonal  lattice. 

The  region  containing  all  nonequivalent  vectors  q  is  called 
Brillouin  iv/ne.  It  can  be  shown  [2]  that  Brillouin  zone  always  coincides 
with  a  unlc  cell  of  reciprocal  lattice. 


Irreducible  representations  of  the  space  groups  are  constructed 
with  the  aid  cf  small-gro-.  ps  (wave-vector  groups)  technique.  First  of 
all,  nonequivalent  wave  vectors  q  are  classified  according  to  the 
"stars"  M  (i.e.  according  to  the  aggregates  of  wave  vectors  obtained 
from  each  other  by  means  of  symmetry  operations  of  the  point  group  of  the 
crystal  Gq).  Then  irreducible  representations  of  the  wave-vector  group 
Gq  are  determined  (a  subgroup  of  elements  of  the  group  G  leaving  the 
wave  vector  invariant  is  called  wave-vector  group  Gq  or  small  group). 
Each  irreducible  representation  of  the  group  G  is  completely  determined 
by  the  star  of  wave  vectors  {<*}  and  by  one  of  the  irreducible  represen¬ 
tations  of  the  group  Gq. 


Irreducible  representations  for  the  groups  Gq  for  all  space 
groups  are  classified  in  the  monograph  [12]  in  the  form  of  so-called 
loaded  representations.  Any  element  of  a  space  group  may  be  represented 
in  the  following  form: 

is 

(6.11) 
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Here  t  is  translation  to  which  exp  -  iqt  corresponds  in  the 
irreducible  representation  of  the  spoce  group;  is  a  non-unit  trans¬ 

lation  (i.e.  translation  over  a  portion  of  the  lattice  spacing);  r  is 
rotation  or  mirror  rotation  (i.e.  an  element  of  the  point  group). 

The  characters  of  the  loaded  representations  x  correspond  to 
the  elements  r  of  the  point  group  of  a  crystal;  the  characters  of  the 
elements  are  obtained  from  them  using  the  following  rule: 

i  (i)~t(r)MP  {—(,!.).  (6.12) 

As  an  example  we  will  examine  irreducible  representations  of  the 
space  group  D^,  for  the  star  |ql  connected  with  the  point  x  of 
Brillouin  zone  (Figure  6.3). 

Th?  group  elements  of  the  point  group  which  enter  the  group 

Gqt  the  characters  of  loaded  representations  fcr  the  point  x  and  the 

values  of  exp(-iqtm)  are  giver  in  Table  15.  (A  line  in  the  column  for 

e  iqt<*  indicates  that  non-unit  translation  in  the  space  group  does  not 
correspond  to  the  synsnetry  element  in  question 

Table  15 

Characters  of  Loaded  Representations 
for  Point  x  of  Brillouin  Zone 


K 

«• 

t 

Vi  j 

H 

1 ! 

i 

! 

"i 

h 

*1 

4 

0 

0 

0 

0 

0 

j 

0 

i 

1  2 

r* 

2 

0 

0 

0 

0 

0 

0 

-2 

“ 

i 

It  may  be  seen  from  the  table  the  in  the  case  under  consideration 
the  characters  of  irreducible  representations  simply  coincide  with  the 
characters  of  the  corresponding  loaded  irreducible  representations. 


Par.  5.  Miller  Indices 

Miller  indices  are  ucually  used  to  describe  the  coordinates  of  the 
atoms,  the  lattice  sectors  and  atomic  planes  in  a  crystal.  These  indices 
are  determined  in  the  following  manner. 

1.  Miller  indices  indicate  the  coordinates  of  atoms  in  units  of 
lattice  constants  with  the  origin  of  coordinates  being  selected  in  one 
of  the  vertices  of  a  unit  cell.  For  example,  Miller  indices  for  a  cen¬ 
ter  atom  in  a  body-centered  lattice  will  be  and  the  indices  of  the 

face  centers  in  a  face-centered  lattice  will  be  and 
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Figure  6.4  Miller  Indices 

a  —  for  principal  planes  of  a  cubic  crys¬ 
tal;  b  —  for  base  vectors  of  a  hexagonal 
crystal. 

2.  To  denote  the  directions  in  a  crystal,  Miller  indices  represent 
a  set  of  the  smallest  integers  related  to  each  other  as  components  of  a 
vector  parallel  to  a  specified  direction.  For  example,  in  a  cubic  crystal, 
Miller  indices  for  the  edges  of  a  cell  will  be  (100),  (010)  and  (001). 

3.  In  order  to  find  Miller  indices  for  atomic  planes  it  is  neces¬ 
sary  to  do  the  following:  write  the  number  of  the  lattice  constants  from 
the  origin  of  coordinates  to  the  points  of  intercection  of  a  given  atomic 
plane  with  the  axes  of  coordinates,  then  take  the  numbers  reciprocal  tc 
them  and  reduce  them  to  the  smallest  common  multiple. 

Miller  indices  for  principal  planes  of  a  cubic  crystal  are  shown 
in  Figure  6.4a. 

The  so-called  hexagonal  Miller  indices  determined  in  the  same  manner 
as  the  usual  ones  are  ordinarily  used  for  crystals  of  hexagonal  and  tri¬ 
gonal  syngony. 

Miller  indices  of  the  base  vectors  of  a  hexagonal  crystal  ara 
shown  in  Figure  6.4b  as  an  example. 


Pro  lection  Operators 


An  arbitrary  function  F  may  be  expanded  into  a  series  with  respect 
to  the  orthogonal  set  cf  its  components  ("projections")  each  one  of  which 
is  transformed  in  accordance  with  a  certain  row  of  sane  irreducible  repre¬ 
sentation  of  a  given  grcup  [14]: 
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Her.’  J  ts  the  number  of  irreducible  representations  of  the  group, 
is  dimensionality  of  the  irreducible  representation  -TTj,  and  f^  is 

a  function  transformed  ir  accordance  with  the  i-th  row  of  the  irreducible 
representation  Xy 

We  will  note  that  any  expansion  with  respect  to  the  complete  set 
of  orthonormal ized  functions  is  a  particular  case  of  the  expansion  (6.13). 
For  example,  expansion  into  Fourier  series 


« 


(6.14) 


may  be  regarded  as  an  expansion  with  respect  to  the  base  functions  of 
irreducible  representations  of  a  group  of  translations. 


Figure  6.5.  The  base  of  a  unit  cell 
of  the  ferroelectric  NaN02. 

The  use  of  symmetrized  functions  fji  as  applied  to  the  vibration 
spectra  —  they  arc  called  symmetry  coordinates  —  makes  considerably  eas¬ 
ier  the  solution  of  problems  connected  with  the  determination  of  eigen¬ 
values  and  eigenfunctions,  in  particular  the  calculations  of  vibration 
spectra  of  crystals. 

The  use  of  projection  operators  is  a  systematic  method  of  determin¬ 
ing  the  symmetry  coordinates.  It  can  be  proven  (see  for  example  [2])  that 
the  operator 


where 


is  a  matrix  element 


Tj(a)>  1(a)  —  an  operator  corre¬ 


sponding  to  the  symmetry  element  "a",  is  a  projection  operator,  which 
means  that  the  function 


(6.16) 


is  transformed  in  accordance  with  the  i-th  row  of  irreducible  representa¬ 
tion  of  the  group  G. 
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We  will  explain  the  application  of  projection  operators  by  using 
an  example.  We  will  examine  the  base  of  a  unit  ceil  of  the  ferroelectric 
NaN02  (Figure  6.5).  It  may  be  seen  from  (6.15)  that  projection  operator 
for  a  unit  representation  is  reduced  simply  to  s  successive  applica¬ 

tion  of  all  elements  of  a  group  in  any  order.  To  obtain  the  symmetry 
coordinates  for  limit  optical  vibrations  (q=0)  it  is  necessary  to  use 
only  the  elements  of  the  point  group  of  a  crystal. 

Point  group  of  NaNC^  is  C2V  (mm2).  As  an  example  we  will  examine 
the  action  of  the  projection  operator  on  the  displacement  of  atom  1  in  the 
direction  of  the  axis  x  (xj).  We  will  use  Schoenflies  notations  for  the 
elements  of  the  group  C2VS  E  is  a  unit  element,  C2  --  a  second-order 
axis,  and  and  6y  --  reflection  planes  containing  the  axis  Cj* 

Then  we  have: 


?*•*  (£  +  +  *',)  *1 

**  (£  +  C,  +  •«)*!  +  *1  •* 

— (£  +  —  +  — 

—  — 2 *,  +  *,  — 2  {*,—*<). 


(6.17) 


Projection  operators  determine  a  symmetry  coordinate  with  accuracy 
to  the  normalizing  constant.  The  other  symmetry  coordinates  are  found  in 
the  same  manner. 


Bibliographical  References 

An  exposition  of  group  theory  and  a  survey  of  its  application  in 
physics  may  be  found  in  the  monographs  [2-6J.  The  books  are  listed  in  the 
order  of  increasing  complexity.  (Examination  of  problems  dealing  with 
solid  state  physics  is  not  correct  throughout  in  the  monograph  [4]).  A 
review  of  the  earlier  books  on  the  application  of  group  theory  in  phys¬ 
ics  may  be  found  in  the  monograph  [zl. 

hathematical  group  theory  is  set  forth  simply  but  rigorously  in  a 
classical  book  by  Schmidt  [7].  A  detailed  bibliography  and  a  brief  ex¬ 
position  of  the  fundamentals  of  abstract  group  theory  may  be  found  in 
the  book  of  problems  [s]. 

The  monographs  [9,  10  J  have  very  clearly  written  chapters  devoted 
to  syraroetfy  theory.  A  description  of  the  point  groups  and  the  characters 
of  their  irreducible  representations  are  given  in  [9],  symmetry  elements  of 
space  groups  are  examined  in  [lu]. 

A  detailed  description  of  crystal  symmetry  is  given  in  the  mono¬ 
graph  [lj  and  all  international  notations  of  symmetry  elements  are  shown. 

I.  detailed  description  of  all  soace  groups  may  be  found  in  the 
handbook  [ll]  and  in  the  monograph  [12]. 
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Irreducible  representations  of  all  of  the  230  space  groups  have 
been  obtained  in  the  monograph  [l2]  using  the  method  set  forth  in  [5] 

(in  this  scheme  the  monograph  [l2J  is  unique). 

The  work  [l4]  sets  forth  very  simply  the  projection-operators 
technique  for  irreducible  representations  of  the  point  groups.  This 
technique  makes  it  possible  to  obtain  from  a  given  set  of  functions  the 
linear  combinations  which  are  transformed  in  accordance  with  a  specified 
irreducible  representation  of  a  point  group  (i.e.  combinations  which 
form  the  basis  of  representation. 

Theory  of  projection  operators  for  irreducible  representations  of 
space  groups  is  set  forth  in  the  work  [15].  This  work  also  gives  pro¬ 
jection  operators  for  the  space  groups  of  a  monoclinic  and  rhombic  syn- 
gony. 


Finally,  a  review  of  some  of  the  applications  of  group  theory  to 
some  of  the  problems  on  theory  of  ferroelectricity  may  be  found  in  the 
lectures  [16]  and  in  the  chapters  3  and  5  of  this  book. 
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CHAPTER  7.  DOMAIN  STRUCTURE  OF  FERROELECTRICS 

Par.  1.  Causes  of  the  Formation  of  Detains  and  General  Regularities  of 
Domain  Structures 

Initiation  of  spontaneous  polarization  in  a  crystal  takes  place 
along  a  certain  crystallographic  direction  of  paraeluctric  phase.  This 
direction  is  usually  called  ferroelectric  axis  or  axis  of  spontaneous 
polarization.  In  the  case  of  uniaxial  ferroelectrics  the  axis  of  spon¬ 
taneous  polarization  coincides  with  the  single  direction  and*  therefore> 
is  the  only  axis.  Jn  multiaxial  ferroelectrics  there  are  are  several 
axes  of  spontaneous  polarization  and  in  the  paraelectric  phase  these  axes 
are  crystallographically  equivalent.  Usually  the  number  of  possible 
directions  of  Ps  is  equal  to  the  twofold  number  of  ferroelectric,  axes. 
But  if  spontaneous  polarization  occurs  along  polar  direction  of  the  para¬ 
electric  phase,  then  there  are  as  many  possible  directions  of  Ps  as 
there  are  ferroelectric,  axes  [105,  106], 

In  an  ideal  crystil,  in  the  absence  of  external  influences  the 
occurrence  of  spontaneous  polarization  is  equally  probable  along  any  one 
of  the  possible  directions.  T.n  transition  to  ferroelectric  «tate  a 
crystal  breaks  up  into  separate  regions  called  domains  which  are  char¬ 
acterized  by  the  direction  of  spontaneous  polarization.  It  is  natural 
that  this  process  is  brought  about  by  a  decrease  of  free  energy  ir.  the 
crystal,  i.e»  free  energy  of  a  multidomain  state  proves  to  be  lower.  An 
examination  of  this  problem  can  be  carried  out  similarly  to  the  way  this 
is  done  in  the  case  of  ferroelectrics  [l,  2j.  We  will  take  a  crystal  of 
a  ferroelectric  in  the  form  of  a  plate  with  a  thickness  d  cut  out  per¬ 
pendicularly  to  the  axis  of  spontaneous  polarization.  For  a  single¬ 
domain  crystal,  electrostatic  energy  [o. d.=single-domainJ  per 

unit  of  surface  area  is  expressed  as: 

[o.*=o.d.=single-doraain]  (7*1) 

If  the  crystal  breaks  up  into  tabular  antiparallel  domains  as 
shown  in  Figure  7.1,  then  in  order  to  find  electrostatic  energy  it  is 
necessary  to  solve  Laplace  equation  inside  and  outside  the  plate  with 


Figure  7.1.  Schematic  representation  of 
a  crystal  of  a  ferroelectric, 
broken  up  into  antiparallel 
domains. 


appropriate  boundary  conditions.  In  this  case,  energy  per  unit  of  atea 
has  the  following  form  [3]s 


jjl  .  ^  •— m.  d .  — 
=smultidomain] 
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(7.2) 


with  the  condition  that  w<$5d  where  u  is  the  width  of  the  domain. 

Thus,  the  thinner  the  domain,  the  lower  the  energy  of  the  crystal.  How¬ 
ever,  the  process  of  fragUenting  does  not  take  place  liraitlessly.  The 
fact  is  that  the  boundary  layers  between  domains,  which  are  called  domain 
walls  or  domain  boundaries,  have  a  certain  energy.  Therefore,  on  one 
hand  a  decrease  in  the  dimensions  of  a  domain  leads  to  a  decrease  of  elec¬ 
trostatic  energy,  but  on  the  other  hand  the  aggregate  area  of  domain 
boundaries  Increases  and,  consequently,  their  energy  also  increases.  An 
equilibrium  domain  structure  is  determined  by  the  condition  of  minimum 
of  total  energy  --  electrostatic  energy  plus  the  energy  of  domain  walls, 
i .  e* 


3.  <»Pl  .gd 

‘i  +  v7^r,+ v* 


(7.3) 


where  6*^  is  energy  per  area  unit  of  the  domain  wall.  In  such  an 
examination  only  electrostatic  energy  of  a  crystal  in  the  proper  depolar¬ 
ising  field  and  the  energy  of  domain  walls  are  taken  into  account.  In 
addition  to  these  types  of  energy,  in  ferroelectrics  a  change  in  elastic 
energy  is  also  considerable  in  most  cases.  Appearance  of  spontaneous 
polarization  is  accompanied  by  elec'rostrictive  or  piezoelectric  deforma¬ 
tion.  Therefore,  if  there  are  internal  mechanical  stresses  in  a  certain 
region  of  a  crystal,  which  always  exiut  in  an  actual  crystal,  they  can 
be  attenuated  when  the  crystal  breaks  up  into  domains. 

Defects  of  various  kinds  must  also  have  a  big  effect  on  the  forma¬ 
tion  of  domains.  When  transition  to  a  ferroelectric  .«fat>'  is  a  transl- 
of  the  first  kind,  there  is  a  nucleus-formation  stag*.  defects  affect 

both  the  position  of  nuclei  in  a  crystal  and  the  di.v;c!  -  . ->ontaneous 

polarization  in  them.  Ncncoincidence  of  directions  vf  ‘on  in 

separate  nuclei  must  also  lead  to  the  formation  of  domain";- 


Unlike  ferromagnetics,  electrostatic  depolarizing  Leld  of  ferro- 
electrics  can  be  compensated  by  charges  flowing  tc  che  surface  of  the 
crystal  owing  to  electric  conductivity  of  the  crystal  itself  or  of  the 
medium  in  which  it  is  located.  Experiments  indicate  chat  even  if  a  crys¬ 
tal  of  a  ferroelectric  is  in  a  conductive  medium,  the  domains  nevertheless 
become  formed  .  Thus,  apparently  in  actual  crystals,  internal  mechanical 
stresses  and  defects  play  a  very  important  role  in  the  formation  of  domain 
structure.  One  of  the  main  reasons  for  this  consists  in  that  spontaneous 
piezoelectric  and  electrostrictive  distortions  are  very  big,  they  ar 
two  or  three  orders  bigger  than  the  laagnetostrictive  distortions.  There¬ 
fore,  direction  in  which  apontaneous  polarization  occurs  in  some  specific 
region  of  the  crystal  is  determined  to  a  considerable  degree  by  the  strain 
distortions  of  the  crystal  lattice  in  this  region. 

We  will  now  examine  the  geometric  conditions  which  must  be  ob¬ 
served  in  the  formation  of  domain  structure.  Neighboring  domains  have  a 
different  direction  of  spontaneous  polarization  and,  therefore,  in  the 
general  case  not  all  of  the  crystallographic  axes  of  neighboring  domains 
coincide.  From  this  point  of  view,  domains  are  equivalent  to  twin  crys¬ 
tals  which  appear  with  reversible  polymorphic  transformations  wh:ri  the 
crystal  symmetry  is  impaired.  An  exception  are  apparently  only  domains 
with  ar.  antiparallel  orientation  of  spontaneous  polarization  in  ftrroeiec- 
trics  that  are  centrosynsnetric  in  p&raelectric  phase.  It  is  known  t.hat 
twinning  takes  place  in  such  a  manner  that  elements  of  the  crystal  sym¬ 
metry  lost  during  a  phase  transition  become  twinning  elements.  It  could 
be  expected  that  this  rule  is  observed  also  in  the  formation  of  ferroelec¬ 
tric  domains.  Then  domain  walls  should  coincide  only  with  certain  crys¬ 
tallographic  planes. 

Indeed,  Chernyshova  [4j  noted  that  che  crystals  of  Seignette's 
salt  break  up  into  domains  in  such  a  manner  that  two  second-order  axes 
lost  in  transition  to  polar  state  become  twin  axes. 

Later,  Zheludev  and  Shuvalov  [5,  C]  showed  that  the  twinning  rule 
is  valid  for  the  other  rerroelectrics  also.  Thus,  from  a  crystallogruhic 
standpoint,  by  breaki  *  ,p  into  domains  a  crystal  becomes  a  polysynthetic 
twin  crystal,  the  domains  become  the  components  of  chis  twin  crystal,  and 
domain  boundaries  coincide  with  the  twinning  planes.  The  symmetry  ele¬ 
ments  of  nonferroelectric  phase  lost  in  phase  transition  become  possible 
twinning  elements.  In  doing  so,  as  noted  in  [5,  6]  a  polydomain  crystal 
regarded  as  one  whole  returns  to  the  symraetrv  of  the  original  nor.ferro- 
electnc.  phase.  We  will  note  that  in  actual  crystals  this  rule  usually 
is  not  satisfied  and  a  slight  unipolarity  is  observed,  i.e.  domains  with 
one  of  the  possible  orientations  of  spontaneous  polarization  predoninatt. 

In  spite  of  the  seemingly  complete  analogy  between  a  usual  twin 
crystal  and  a  domain  it  should  not  be  forgotten  that  domains  possess 
polarity.  Therefore,  hound  electric  charges  should  be  absent  at  the 
boundary  between  them.  Otherwise  the  energy  of  a  domain  boundary  would 
increase  by  the  magnitude  of  energy  of  electric  field  set  up  by  these 
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charges  (we  consider  the  crystal  to  be  a  sufficiently  good  dielectric  sc 
that  the  compensation  of  bound  charges  by  the  free  charges  flowing  to  the 
wail  owing  to  the  electric  conductivity  of  the  crystal  does  not  have  to 
be  examined).  Thus,  the  following  condition  must  bo  satisfied  on  the 
walls 


dlvD-C. 


Since  EMD,  (7.4)  is  reduced  to 

dlv  P  _  0. 


(7.4) 


(7.5) 


Consequently,  the  polarization  component  normal  to  the  boundary 
must  be  continuous. 


New  types  of  domain  structure  connected  with  the  possibility  of 
shielding  spontaneous  polarization  by  free  charges  may  exist  in  ierro- 
electrics-semiconductors.  Such  a  possibility  has  been  examined  by  Shur 
[7-10]  for  a  one-dimensional  case.  The  main  conclusion  of  these  works 
is  reduced  to  a  prediction  of  instability  in  ferroelectrics-semiconduc- 
tors  m  the  case  of  fields  smaller  than  a  coercive  field,  i.e.  to  a  prop¬ 
agation  of  electric-induction  waves  along  the  specimen.  This  instability 
may  be  accompanied  by  fluctuations  of  current  in  the  external  circuit. 


Par.  2.  Domain  structure  of  Barium  Titanate 


Barium  titanate  is  cubic  above  Curie  point.  With  a  tran  ition  to 
ferroelectric  phase  it  becomes  tetragonal.  Ir  doing  so,  as  already  men¬ 
tioned,  the  polar  axis  coincides  with  the  tetragonal  c-axis.  Any  one  of 
the  three  mutually  perpendicular  fourth-order  axes  of  the  cubic  phase 
may  become  a  c-ax>s  and,  consequently,  spontaneous  polarisation  has  six 
possible  directions.  Thus,  the  angle  between  polarization  vectors  of 
the  domains  may  be  equal  either  to  9GC  or  180°.  Domains  witr  a  mutually 
perpendicular  direction  of  spontaneous  polarization  are  called  90°-do- 
mains  and  the  boundaries  between  them  --  9J°-bcundaries  or  walls.  Corre¬ 
spondingly,  there  may  also  be  18Q°~domains  and  180°-boundaries  (w  Us) 
separating  them.  Domain  walls  must  coincide  with  the  twinning  planes  which 
tar.y  be  planes  of  the  type  -{llu}  of  the  cubic  phase  and,  in  addition  to 
this,  the  condition  of  continuity  of  the  normal  component  of  spontaneous 
polarization  must  be  satisfied  on  them.  For  90°-walis  these  conditions 
are  satisfied  by  tetragonal  planes  of  t.f a  ty  >e  ^Oll}  and  -£l0lj  .  It 
is  obvious  that  in  the  case  of  180o-w.’*  i  .be  normal  polarization  compo¬ 
nent  must  be  equal  to  zero  and  since  .aneous  tetragonal  deformation 

does  r.ot  depend  on  the  direction  of  ization  vector,  a  180°-v3ll  may 

be  any  cylindrical  surface  with  a  gerj_ratri*  of  a  parallel  polar  c-axis. 

The  basic  regularities  of  domain  strMc<-jre  of  barium  titanate  were 
determined  by  Kay  and  Vousden  [ll]>  Fcrsherg  i  f 1 2 j  and  Here  [13,  14]  during 
t>  sf.udy  of  single  crystals  in  polarized  light  In  order  to  understand  tha 
possibilities  of  this  method  better,  we  will  examine  the  plates  of  barium 
titanate  having  only  90°-domains  (Figure  7.2). 
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Figure  7.2,  Schematic  i  -presentation  of  a  plate 
of  a  single  crystal  of  barium  titanate  in  tetra¬ 
gonal  phase  with  the  plate  being  broken  up  into 
9C°-ctomains.  The  faces  of  the  place  coincide  with 
pseudocubic  planes  of  the  type  . 

Arrowheads  indicate  the  direction  of  spontaneous 
polarization,  , Circles  with  a  cross  indicate  the 
outlet  of  the  negative  end  of  the  dipole,  a  circle 
with  a  dot  —  that  of  the  positive  end  of  the  di¬ 
pole. 

In  the  cubic  nonferrocleccric  phase  the  optical  indicatrix  rep¬ 
resses  a  sphere.  Therefore,  if  a  plate  is  observed  in  polarized  l*ght  by 

placing  it  on  the  microscope  stage  between  crossed  Nicol  prisms  it  will 

remain  dark  in  any  position  of  the  stage.  In  tetragonal  phase  the  ir.- 
dicatriv  is  an  eliipsotd  of  revolution.  The  axis  of  rotation  is  an  op¬ 
tical  axis  and  coincides  with  the  crystallographic  c-axis  and,  conse¬ 
quently,  with  the  polar  axis  of  the  crystal  also.  We  will  now  observe 
a  plate  shown  in  Figure  7.2a  in  a  direction  perpendicular  to  its  plane. 

Through  the  domains  the  polar  axis  of  which  is  oriented  normally  to 

the  plane  of  the  plate  the  light  passes  along  the  optical  axis  and,  con¬ 
sequently,  does  not  undergo  double  refraction.  Therefore,  these  domains 
remain  dark  during  the  rotation  of  the  microscope  stage.  It  is  usual  to 
call  ruch  domains  c-domains- 

Ootaains  of  the  second  typo  in  which  the  polar  axis  lies  in  the 
plane  of  the  plate  and  through  which  the  light  passes  along  a-axis  are 
called  a-dcraains.  While  passing  through  a-demains  the  light  undergoes 
double  refraction.  Therefore,  in  crossed  Nicol  prisms  they  will  b&  dark 
only  in  those  cases  when  the  axes  of  the  indicatrix  are  parallel  to  the 
polarization  plane  of  the  analyzer  or  polarizer.  Since  in  this  case  the 
polarization  planes  of  the  polarizer  and  analyzer  3re  perpendicular  to 
the  lateral  faces  of  the  crystal,  the  position  of  extinction  is  direct. 
TfcuSv  the  c-  and  a-doraains  are  easily  differentiated  —  during  the  rota¬ 
tion  of  the  microscope  stage  c-domains  remain  dark  whereas  a-doroains 
periodically  become  translucent  and  then  become  dim.  In  tetragonal 
phase  in  barium  titanate  r=a  >nc,  i.e.'  the  crystal  is  negative  and  the 
position  of  polar  axis  in  a-domains  can  be  determined  with  the  aid  of 
compensator.  When  the  compensator  is  inserted  the  neighboring  a-dcraaivis 
have  dissimilar  coloration  which  they  interchange  with  a  turn  of  the  crys- 
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tal  by  90°.  In  tetragonal  region  c/a  >1  and  therefore  the  angle  between 
c-axes  in  90°-domains  is  equal  not  t.o  90°  but  to  89°24',  Consequently, 
strictly  speaking  the  position  of  extinction  in  the  neignborir.g  a-domains 
differs  by  36*.  The  180O-dor"ains  are  optically  indistinguishable.  How¬ 
ever,  Merz  fl3»  14]  found  that  if  electric  field  is  applied  perpendicularly 
to  the  direction  of  spontaneous  polarization,  than  in  polarized  light  the 
domain  appears  to  consist  of  light  and  dark  bands  parallel  to  the  polar 
axis.  These  bands  were  regarded  by  Merz  as  antiparallel  domains.  It 
was  supposed  that  under  the  effect  of  electric  field,  spontaneous-polar¬ 
ization  vectors  in  the  neighboring  domains  turn  slii'h,iy  opposite  direc¬ 
tions  with  the  indicatrices  becoming  somewhat  distorted  in  this  process. 
This  leads  to  a  result  that  the  positions  of  extinction  of  t.ie  neighbor¬ 
ing  domains  do  not  coincide.  Later  Miller  and  Sav3ge  [15]  discovered 
that  the  180°  c-domains  can  be  seen  in  polarized  light  when  the  field  is 
applied  along  the  polar  axis.  Kabayashi  et  al.  [16 j  made  optical  and 
x-ray  studies  of  this  effect.  They  found  that  180°-domains  are  distin¬ 
guishable  in  'he  presence  of  an  electric  field  in  the  case  when  the  beam 
of  light  passes  through  the  crystal  at  a  certain  angle  to  the  normal 
(Figure  7.3a  and  b).  After  shutting  off  the  field  the  contrast  of  the 
pattern  gradually  becomes  weaker  and  as  a  result  the  domains  become  nearly 
indistinguishable  (Figure  7.3fc). 

The  authors  of  the  work  [16]  consider  that  a  narrow  region  (wit 
width  of  the  order  of  10"^  cm)  forms  with  a  slight  distortion  near  the 
180°-wall  during  its  motion.  In  this  region,  z-axis  is  inclined  ? -proxi- 
mately  by  1°  with  respect  to  the  pciar  axis  inside  the  crystal  (Figure 
7.3c).  As  may  be  seen  from  Figure  7.3c,  the  regions  at  the  opposite 
walls  are  a  secula-  reflection  of  each  other.  The  optical  axes  of  these 
regions  are  also  inclined  in  different  directions  with  xespect  to  the 
polar  axis  inside  the  domain.  If  polarization  plar.es  of  the  polarizer 
and  ans’yr.er  are  parallel  to  the  planes  (J00)  and  (OlO),  which  corre¬ 
sponds  to  the  highest  translucence  of  the  regions  at  the  wall,  but  the 
light  passes  through  the  crystal  slightly  obliquely  at  such  an  angle 
that  its  direction  coincides  with  the  optical  axis  of  one  of  the  regions, 
then  this  region  will  seem  dark  whereas  the  opposite  region  will  appear 
light.  If  the  beam  of  light  is  inclined  in  the  opposite  direction,  then 
the  dark  region  becomes  light  and  the  light  region  —  dark. 

It  was  also  shown  [ i 7 J  that  light  and  dark  regions  appear  at  the 
180°-walls  upon  the  application  of  electric  Held  to  an  a-donain  crystal. 
Their  appearance,  was  also  explained  by  the  presence  of  a  monociinic  dis¬ 
tortion  in  the  region  adjacent  to  the  wall.  Since  the  direction  of  the 
axes  of  the  indicatrix  in  the  regions  at  the  walls  on  two  sides  of  the 
domain  differs  approximately  by  1°,  the  position  of  their  extinction  is 
dissimilar.  When  one  region  is  light,  the  other  one  is  dark,  and  vice 
versa. 

Considerable  successes  m  the  study  of  domain  structure  of  the 
cryztals  of  barium  titanate,  having  both  the  90°-  and  180°-domains  were 
obtained  with  the  aid  of  etching  method  suggested  by  Hooton  anu  Merz 
[18].  It  was  found  that  those  sections  of  the  crystal  surface  where 
the  positive  end  of  the  polar  axis  comes  cut  are  etched  twice  as  fast 
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in  comparison  with  the  sections  on  which  the  negative  end  comes  out. 

The  '.ate:;  of  etching  of  the  "late»al"  surface  and  of  the  positive  end 
of  the  polar  axis  have  a  ratio  c£  3:4  [19,  20]. 

Figure  7 >4  shows  schematically  the  surface  of  a  crystal  of  barium 
titanate  before  and  after  the  etching.  Using  this  method  It  was  pos¬ 
sible  to  observe  antiparallel  c-domains  and  also  to  detect  the  "reflec- 
tion'*  of  c -domains  through  n-domains. 


a  g 


Figure  7.3.  Antiparallel  domains  of  barium  titanate 
in  polarized  light.  (After  Kabayashi,  et 
al.  [l6j). 

a  —  with  oblique  illumination;  b  --  with  normal  illu- 
mir.ationc  —  schematic  representation  of  antiparallel 
domain  and  stereographic  projections  showing  the  ori¬ 
entation  of  optical  axes  within  the  domain  and  in 
boundary  regions.  0  —  optical  axis  of  the  tetrago¬ 
nal  region,  Oj  and  —  optical  axes  of  low- symmetry 
regions,  x*  --  directions  of  fluctuations  of  electric 
vector  in  a  light  wave. 
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Figure  7.4.  Schematic  representation 
of  a  section  of  a  single  crystal  of 
barium  titanate.  (After  Campbell  et  al. 
[20]). 

a  —  before  etching;  b  —  after  etching. 


Figure  7.5.  Photograph  of  the  upper  and 
lower  surface  of  an  etched  single  c-ystai 
of  barium  titanate  and  diagram  of  the  do¬ 
main  structure.  (After  Hooton  and  Mere 
[18]). 


In  Figure  7.5  are  shown  photographs  of  two  sides  of  an  et  :hed 
crystal  and  a  diagram  of  its  domain  structure  constructed  on  the  basis 
cf  these  photographs.  As  may  be  seen  from  the  diagram,  c -domains,  "a" 
and  b  and  a  so  c  and  d  are  a  mirror  image  of  each  other  through  a-domains. 
At  the  90<J  boundaries  the  normal  polarization  c.ompon^->t  is  continuous. 

It  is  usual  to  say  that  a  "head  to  tail"  arrangement  exists.  It  should 
be  noted  that  this  rule  is  not  always  satisfied  and  "head  to  head"  and 
"tail  to  tail"  configurations  are  observed  [21,  22].  In  this  case,  the 
bound  charge  on  the  wall  is  apparently  compensated  by  free  charges  flow¬ 
ing  in  owing  to  electric  conductivity  of  the  crystal. 
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Fousek  and  Safranova  [231  Investigated  the  effect  of  cooling  rate 
of  the  crystals  when  passing  through  Curie  point  and  also  the  etfect  of 
electric  conductivity  of  the  medium  on  the  character  of  domain  structure. 
The  regions  of  the  crystals  which  had  only  c-domains  were  examined  in 
order  to  exclude  the  effect  of  a-domains  on  the  formation  of  c-domain 
structure.  A  sufficiently  large  siza  of  the  regions  was  selected  (<~250 
microns  with  a  thickness  of  the  crystals  of  20-140  microns).  With  a  slow 
cioling  (0.1°  a  minute)  the  aggregate  volumes  of  antiparallel  c-domains 
in  a  nonconductive  medium  are  equal  with  accuracy  to  a  few  percent.  The 
domains  have  the  fonts  of  plates  with  a  thickness  of  1-4  microns,  perpen¬ 
dicular  to  one  of  the  a-axes.  Apparently  such  a  structure  is  close  to  an 
equilibrium  structure.  Cooling  at  any  rate  in  a  medium  with  high  conduc¬ 
tivity  (glycerine  with  a  6-lQ~-  ohm“*cm“l  was  used)  and  al so  rapid  cool¬ 
ing  in  a  nonconductive  medium  leads  to  a  formation  of  an  irregular  domain 
structure.  The  emergence  of  domains  on  the  surface  of  the  crystal  has 
the  appearance  of  chaotically  scattered  islands  with  a  considerable  uni- 
poiarity  being  observed  in  this  process. 

Analysis  of  the  results  obtained  led  the  authors  to  a  conclusion 
that  at  first,  with  a  slight  cooling  below  Curie  temperature  a  nonequi¬ 
librium  domain  structure  is  formed  in  c'ther  case,  with  this  structure 
being  determined  chiefly  by  the  arrangement  of  the  nuclei.  Such  a  struc¬ 
ture  changes  fairly  rapidly  into  an  equilibrium  structure,  w— »evei,  a 
nonequi librium  structure  may  remain  either  with  rapid  cooling  or,  if  the 
crystal  is  in  a  conductive  medium,  owing  to  the  compensation  of  depolarizing 
field. 

The  cause  of  the  formation  of  90°  domains  is  rather  not  a  depolar¬ 
izing  field  since  its  energy  may  be  considerably  decreased  by  the  appear¬ 
ance  of  180°  domains,  but  mechanical  stresses.  They  may  appear  during  the 
cooling  of  the  crystal  in  the  moit  of  :he  solvent  or  they  are  connected 
with  different  kinds  of  defects.  Fousek  and  Brezina  [2&j  examined  the 
connection  between  the  size  of  the  crystal,  the  extent  of  the  der  ..ct 
a  id  its  position  in  the  crystal  on  one  hand,  and  tha  shape  of  90°  domain 
on  the  ther.  They  selected  the  simplest  model  of  the  defect  --  a  sphere 
inside  which  the  condition  of  a  minimum  of  elastic  energy  requires  a  turn¬ 
ing  of  t  'ontaneous  polarization  by  90°  with  respect  to  the  encirclement. 

Investigation  of  domain  structure  of  barium  ticarate  in  tetrogonal 
ahar-e  was  conducted  not  only  in  polarized  light  and  by  etching,  other  meth 
ods  were  also  used.  Some  of  them  yselded  valuable  information  on  the 
details  of  domain  configurations. 

The  method  of  charged  powders  [25 j  was  successfully  used  to  study 
sntiparaliei  c -domains.  This  method  consiscs  in  the  following:  a  few 
drops  of  hexane  which  contained  fine  powder  cf  yellow  sulfur  and  red 
lead  oxide  were  applied  on  the  surface  of  the  crystal.  It.  was  found 
that  sulfur  settles  bettor  an  the  positive  ends  of  the  diptes  and  lead 
cxide  «-  on  the  negative.  A  sufficiently  clear  pattern  of  the  domain 
structure  results. 
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A  study  of  microrelief  of  thr>  etched  surface  of  single  crystals  of 
barium  ticanate  was  also  conducted  with  the  aid  of  an  electron  microscope. 
Replicas  were  taken  from  this  surface  which  were  then  studied  in  an  elec¬ 
tron  microscope  [20,  26].  The  type  of  the  domain,  and  in  the  case  of 
c-dcroains  —  the  direction  of  spontaneous  polarization,  can  be  determined 
by  the  depth  of  the  etching  and  roughness  of  the  surface. 


In  Figure  7.6  is  given  an  example  of  the  picture  of  etched  surfc'-e 
on  which  an  antiparallel  c-doraain  was  revealed.  Visu  ization  of  domain 
structure  on  the  surface  of  a  crystal  of  barium  titanate  is  possible 
not  only  by  means  of  etching  t >t  also  by  the  relief  of  natural  face.  The 
fact  is  that  owing  to  the  tetragonalness  che  surfaces  of  the  neighbering 

a-  and  c-domains  form  with  each  other  a  small  angle  arctg  -  (Figure 

3 

7.7).  Therefore,  the  faces  of  the  crystal  "wrinkle"  and  their  relief 
reflects  the  domain  structure. 


Study  of  the  natural  surface  has  an  advantage  over  etching  since  it 
makes  it  possible  to  study  the  changes  in  domain  structure.  Distortions 
on  the  faces  may  be  revealed  experimentally  using  the  methods  of  optical 
interferometry  [22,  27]  and  by  studying  in  an  electron  microscope  the 
replicas  taken  from  the  surface  of  the  crystals  [28,  29].  The  micro¬ 
relief  can  3lso  be  revealed  by  a  change  in  the  current  of  seccidary  elec¬ 
trons  when  scanning  a  finely  focused  electron  beam  on  the  surface  of  the 
crystal  [30].  Intensity  of  secondary-electron  stream  at  each  point  of 
the  surface  dependends  on  che  angle  of  incidence  of  a  beam  of  primary 
electrons.  Therefore,  if  the  intensity  of  the  beam  of  a  cathode-ray  tube 
is  modulated  by  the  current  of  secondary  electrons,  then  an  image  of  the 
surface  can  be  obtained  on  the  screen. 


Another  method  of  visualizing  the  detains,  also  making  use  of  the 
scanning  of  a  finely  focused  electron  beam, was  suggested  in  [3l].  The 
incident  electrons  bring  about  a  local  heating  of  the  crystal  and  if  thin 
electrodes  are  applied  on  the  surface,  then  pyrocurrent  can  be  detected. 
When  gliding  on  the  surface  of  the  crystal  the  beam  shifts  from  one  domain 
to  another,  the  pyrocurrent  changes  giving  information  on  the  domain  pat¬ 
tern. 


The  use  of  che  electron- mirror  method  is  possible  to  observe  the 
domains  [32-3^].  The  images  of  domain  structure  obtained  during  the 
passage  of  electron  beam  through  a  thin  crystal  ara  given  in  a  number 
of  works  [35-38].  In  this  case,  domain  structure  becomes  "visible’  owing 
to  different  conditions  of  electron  diffraction  both  in  the  domains  with 
a  different  orientation  of  the  polar  axis  and  in  the  wall  in  comparison 
with  the  volume  of  the  domains.  The  data  of  electron  microscopy  on  the 
dimensions  of  the  domains  and  on  the  thicknesses  of  the  walls  are  of 
interest.  Thus,  domains  with  a  width  of  3  to  5  *  10"^  cm  were  observed 
in  [28].  According  to  the  data  in  [37],  180°  domains  have  a  width  of 
2  '.o  30  •  10*6  cm  and  90°  domains  —  a  width  of  5  to  300  •  10"°  cm.  The 
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Figure  7.6.  Electron'miscroscope 
photograph  of  c-doraair.  in  barium 
titanate  (magnified  7,000  times) 
(After  Cameron  [26]). 


Figure  7.7.  Section  of  a  tetragonal 
crystal  of  barium  titanate,  illustrat 
ing  the  distortion  of  surface  on  the 
90°  boundaries  between  the  a-  and  c- 
domains  (distortions  are  exaggerated) 
(After  Bhide  [22]). 
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Figure  7.8.  Geometry  of  -domains  in  the  rhombic  and 
rhombohedral  phases  of  b  iriura  titanate.  (After  Fors- 
bergh  j_12j). 


Key:  (1)  Rhombic  phase 

(2)  Twinning  with  re¬ 

spect  to  the 
plane  (101) 

(3)  Twinning  with  re¬ 

spect  to  the 
plane  (111) 


(*•)  Rhombohedral  phase 
(5)  Twinning  with  respect  to  the 
rhombohedral  face 
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thickness  of  the  90°  wail  be twee  >  a-doraains  is  less  than  100  A  [36*  37j, 
Studies  using  the  electron-mirror  method  indicate  that  on  the  surface  of 
the  crystal  there  is  a  layer  of  about  0.7  microns  in  thickness  with  a 
polarization  vector  oriented  normally  to  the  surface  of  the  crystal,  i.e. 
a  layer  consisting  of  c-domains  [33]. 

The  works  [39-4l]  show  the  feasibility  of  studying  the  domain 
structure  of  barium  titanate  using  the  methods  of  x-ray  diffraction 
topography. 

In  the  rhombic  and  rhombohedral  phases  the  domain  structure  of 
barium  titanate  was  not  investigated  in  such  a  detail  as  in  the  tetrag¬ 
onal  phase.  Optical  studies  were  conducted  here  by  Kay  and  Vousden  [llj 
and  by  Forsbergh  [12].  Cameron  [26]  observed  etching  patterns  in  rhombic 
phase.  Figure  7.8  gives  the  possible  domain  configurations  and  indicates 
the  directions  of  extinction  in  separate  domains. 

In  the  rhombic  phase  there  arc  90°  and  60°  walls.  The  90°  walls 
coincide  with  the  pseudocubic  planes  f00l}  ,  i.e.  with  the  rhombic  planes 
flio},  the  60°  walls  are  parallel  to  the  pseudocubic  planes  foil}  ,  i.e. 
to  the  rhombic  planes  fill}. 

In  the  rhombohedral  phase  the  domain  walls  are  the  nseudocubic 
planes  -flOc}.  Naturally,  there  may  also  be  antiparallel  domains  in  both 
phases.  In  the  rhombic  phase,  upon  the  application  of  electric  field 
along  the  polar  direction  and  during  an  observation  in  polarized  light 
along  this  same  direction  the  antiparallel  domains  become  visible,  as  in 
the  tetragonal  phase  [42].  The  shape  of  the  domains  is  rectangular  with 
the  walls  (1Q0)  and  (110)  (the  indices  are  pseudocubic).  Walls  of  the 
type  (110)  are  visible  considerably  better. 

Par.  Domain  Structure  of  Triglycine  Sulfate 

Above  Curie  temperature,  triglycine  sulfate  belongs  to  the  centro- 
symmetric  point  group  2/m  of  the  monoclinic  system.  Upon  transition  to 
polar  state  the  mirror  plane  disappears  and  the  crystal  belongs  to  the 
point  group  2  of  the  monoclinic  system.  Ferroelectric  axis  is  the  mono- 
clinic  b-axis.  Therefore,  triglycine  sulfate  is  a  uniaxial  ferroelectric 
and  only  130°  domains  can  be  in  it.  Since  in  nonferroelectric  phase  the 
crystal  does  not  have  piezoelectric  effect,  spontaneous  deformation  which 
accompanies  the  appearance  of  spontaneous  polarization  bears  elect restric- 
tive  character  and  does  net  depend  on  the  direction  of  polarization. 
Therefore,  antiparallcl  domains  ere  optical  1/  indistinguishable  but  they 
rotate  the  polarization  plane  in  opposite  d  rections,  i.e.  one  domain  is 
a  right-hand  domain  and  the  other  --  a  left-hand  dome,  '  [43,  44  J. 

The  usa  of  etching  proved  to  be  most  successful  for  visualizing 
the  domain  structure.  Fxtensive  work  or,  the  selection  of  etching  agents 
and  on  the  study  of  domain  structure  using  the  etching  method  was  carried 
out  by  Konstantinova  and  Sil'vestrova  [45-48],  by  Toyoda  [44,  49,  50j, 
by  Chynoweth  ",nd  Feldman  [51,  52  j  and  by  Meleshina  [ 53  J -  The  powder 
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method  was  used  in  a  ;  'imber  of  works  co  reveal  the  domain  structure  {"44, 

49,  50],  When  etching  the  surface  of  3  plate  of  triglycine  sulfate,  cut 
out  perpendicularly  to  the  polar  axis  the  positive  ends  of  the  domains 
are  etched  more  strongly  than  the  negative  ends,  and  contain  more  etch¬ 
ing  patterns.  The  domains  have  an  oval  fora,  most  often  a  lenticular 
form.  Large  domains  pass  through  the  entire  thickness  of  the  crystal. 

The  transverse  dimensions  of  separate  domains  are  very  diverse.  They 
varv  from  a  few  tenths  cf  a  millimeter  to  several  millimeters.  Chyno- 
welu  and  Feldman  [52]  found  that  domain  walls  do  not  always  pass  through 
the  crystal  exactly  parallel  to  the  polar  axis.  1  here  are  also  needle- 
shaped  domains  which  do  not  pass  through  the  entire  thickness  of  the 
crystal,  and  even  domains  which  are  entirely  inside  the  crystal.  It  was 
possible  to  find  such  domains  on  the  fjee  parallel  to  the  polar  axis  using 
the  etching  and  the  powder  method  [51,  52,  5?j. 

In  etching  the  surface  of  n  crystal  the  sites  of  the  emergence  of 
dislocations  are  etched  more  strongly.  Therefore,  the  problem  of  ^iden¬ 
tifying  small  domains  and  dislocations  is  important.  Etching  agents  were 
selected  both  for  reveal ing  the  domain  structure  and  dislocations  [48, 

50.  53,  58].  The  biggest  successes  were  achieved  apparently  in  [53] 
where  etching  agents  which  made  it  possible  to  reveal  the  domains  and 
dislocations  simultaneously  were  selected. 

Several  more  methods  of  rev.’jaling  the  domains  were  demonstrated 
using  the  crystals  of  triglycine  sulfate.  Thus,  FouseU  et  al.  [59]  used 
the  method  of  condensing  the  vapors  of  a  polar  liquid  on  the  surface  of 
the  crystal.  Such  a  method  was  suggested  for  the  first  time  by  Toshev 
[60,  6l]  for  visualizing  the  domain  structure  of  potassium  dihydrog..n 
phosphate  and  assnonium  fluorobety Hate.  Me  named  it  ’’dew”  method.  The 
principle,  of  this  method  consists  in  that  ow>.ng  to  the  presence  of  strong 
elcctric-field  gradients  along  the  domain  boundaries,  a  force  acts  on 
the  polar  molecules  which  tends  to  draw  them  into  the  region  cf  maximum 
gradient,  i.e.  co  the  domain  boundary.  Owing  to  this-  a  more  intensive 
condensation  of  the  vapors  takes  plac'*  along  the  boundary,  and  the  domain 
pattern  may  be  seen  for  a  certain  length  of  time. 

Distler  et  al.  [6*]  and  also  Takagi  et  al.  [63]  found  that  with 
a  condensation  of  tlier.aally  evaporated  silver  on  the  surface  of  triglycine 
sulfate  the  formation  of  nuclei  takes  place  chiefly  en  the  iocaains  of  one 
sign.  This  makes  it  possible  to  reveal  the  180°  doroaigs  with  a  good  con¬ 
trast.  The  size  of  the  nuclei  is  of  the  order  of  100  A.  Therefore,  the 
method  has  a  high  resolution  and  makes  it  possible  to  use  electron  micro¬ 
scopy,  Another  method  of  revealing  the  domains,  which  is  in  essence  sim¬ 
ilar  to  the  powder  method,  was  suggested  by  DistJer  and  Konstantinova 
[64],  They  found  that  the  charged  colloidal  particles  settle  with  dis¬ 
similar  density  on  domains  of  a  different  sign.  A  finely  dispersed 
platinum  sol  with  the  size  of  the  particles  of  20-190  £  was  used.  Such 
small  dimensions  of  tho  particles  ensure  high  resolution. 
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Par.  Domain  Structure  of  Seignette's  Salt  and  Potassium  Dihydrogei 
Phosphate 

Ir  nonpolar  phase  the  crystals  of  Seignette's  salt  belong  to  the 
rhombic  class  222  Appearance  of  spontaneous  polarization  along  the 
rhcKbic  a-axis-  is  accompanied  by  a  monoclinic  distortion  and  the  crys¬ 
tals  pass  into  a  monoclinic  rlass  2.  In  doing  so,  the  rhombic  a-axis 
becomes  a  monoclinic  b-axis.  However,  the  notations  of  the  axes  are 
usually  rot  changed  and  “.he  polar  axis  is  called  a-axis.  The  a-axis 
forms  angles  of  90°  with  the  b-  and  c-axes.  The  angle  between  the.  b- 
and  c-sxes  becomes  a  non-9Q°  angle.  Seignette's  salt  is  a  uniaxial  ferro¬ 
electric  and,  consequently,  only  180°  dcxnsins  can  be  in  it.  However,  the 
situation  is  here  ccmplecely  different  in  comparison  with  the  case  of 
triglycine  sulfate. 

The  fact  is  that  in  nor.ferroelectric  phase,  Seignette's  salt  is 
roncentrosytametric  and  has  a  piezoelectric  effect.  Therefore,  sponta¬ 
neous  deformation  [displacement  in  the  plane  (lOOj  is  linearly  connected 
with  spontaneous  polarization  and,  thus,  depends  on  its  direction.  Anti- 
parallel  domains  may  be  obtained  by  means  of  a  180°  turn  around  the 
b-axis  (the  so-called  b-domains)  or  around  c-axis  (c-doroains)  (Figure  7.9). 
The  b-  and  c-axzs  which  were  second-order  axes  in  nonferroelectric  phase 
become  twin  axes  and  the  twinning  takes  place  with  respect  to  the  p’anes 
(001)  and  (010)  respectively.  Thus,  b-domains  have  walls  parallel  to  the 
plane  (001),  and  c-doaains  --  those  parallel  to  the  plane  (010).  We  will 
note  hor-t  an  important  difference  between  the  180°  walls  of  a  tetrag-nal 
barium  titanate  and  triglycine  sulfate  on  one  hard  and  c-f  Seignette's 
salt  —  on  the  other.  While  in  the  former  case  i  wall  could  be  any  cylin¬ 
drical  surface  with  a  generatrix  parallel  to  the  polar  axis,  in  cne  latter 
case  the  '80°  walls  are  only  certain  crystallographic  planes. 

Although  breaking  up  of  Seignette's  salt  into  domains  was  supposed 
a  long  time  ago,  domain  structure  was  net  observed  directly  fra  long 
time,  and  there  were  only  indirect  experimental  facts  which  confirmed  its 
existence.  Observations  of  Barkhause  electric  jumps  [65  66 j  belong  here, 

i.e.  observation*  of  jumps  in  the  process  of  polarization,  and  detection^ 
of  pyroelectric  effect  by  ceans  of  electrostatic  charged  powders  [67,  68 j. 
In  the  latter  case,  pyroelectric  effect  would  have  been  equal  to  zero  if 
the  regions  of  spontaneous  polarization  had  been  very  small  and  had  been 
uniforratiy  distributed  along  opposite  directions.  In  addition  to  this, 
the  effect  of  electric  field  and  mechanical  stresses  on  the  intensity  of 
x-ray  reflexes  was  discovered  later  [ 69-/2 j.  This  phenxnencn  was  ex¬ 
plained  by  a  change  in  domain  structure  in  the  presence  of  external  in¬ 
fluences. 

Dlre.ct  observation  of  domains  in  crystals  of  Seignette's  salt,  was 
carried  out  or.iy  in  19^3  when  Klassen-Nok lyudova  el  al.  [73 j  discovered 
that  twinning  may  be  soon  veil  in  polar  ed  light  on  the  x-cut.  The  fta- 
sibilitv  of  optical  observation  of  ant >  raltel  domains  is  not  so  obvious 
and,  as  already  noted  above;,  in  barium  1 1 tana te  and  triglycine  sulfate 
domains  of  this  kind  are  optically  indistinguishable  without  an  applica- 
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Figure  /. 9,  Schematic  representation  of  do¬ 
mains  in  SeJgnetto'?  salt  a\J  the 
position  f  indicsuricen  in  them. 

a  —  a-donsains;  b  --  b-domains. 


iron  of  external  influences  to  che  crystal.  The  fact  is  that  in  unpclar- 
ized  phase  Seignetta* s  salt,  is  noncentrosyrametric.  Therefore,  appearance 
\f  spontaneous  polarization  is  accompanied  by  a  spontaneous  linear  eiec- 
trocptical  effect  which  consists  in  a  turn  of  the  indicatrix  around  the 
polar  axis  (see  chapter  il  for  more  details  an  electrocptical  effect). 

The  angle  of  rotation  a  is  determined  from  the  following  relationship 
[74]S 
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where  ai{(.  are  coefficients  in  the  equation  of  the  indicatrix 
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Here  is  a  coefficient  describing  the  aggregate  electrooptical 

effect.  According  to  the  calculations  the  angle  2Ct  should  amount  to 
1-2°  and  can  be  completely  detected  by  experiments.  In  antiparallel  do¬ 
mains  Che  indicatrix  is  turned  in  different  directions  as  shown  in  Figure 
7.9.  Therefore,  in  an  observation  of  a  plate  of  seignstt's  salt  along 
the  polar  axis  in  crossed  Hicoi  prisms  the  180°  domains  have  different 
positions  of  extinction  the  angle  between  which  is  equal  to  2c{»  In  ac¬ 
cordance  with  formula  (7.6>  the  angle  2af  has  the  same  temperature  de¬ 
pendence  as  spontaneous  polarization  [74-76]  and  Indenbom  [7'4,  77]  showed 
that  it  can  be  used  as  an  order  factor  in  the  expansion  of  thermodynamic 
potential. 

A  thorough  study  of  domain  structure  of  Scignette's  salt  in  polar¬ 
ized  light  was  carried  out  by  Chernysheva  [4,  73,  74,  78-80]  and  also  by 
Furuichi  and  Mitsui  [3,  81 j.  Figure  7. 1C  shows  a  photograph  of  the  ' it- 
tern  of  x-cut  observed  ir-  microscope  when  domains  of  one  polarity  are  in 
the  position  of  extinction.  Both  the  b-  and  c -domains  fora  bands  with  a 
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Figure  7.10.  Domain  structure  of  Selgnette’s 
salt  taken  in  polarized  light. 

(After  Kl assen-Neklyudova  et  al. 

[73]). 

width  of  from  1  to  500  microns.  Configurations  consisting  both  of  the 
b-  and  c-doraains  in  the  form  of  mutually  perpendicular  systems  of  bands 
are  usually  observed.  Some  domains  have  a  wedge-like  form  and  do  not 
come  out  to  the  surface  of  the  crystal.  The  wedge  may  le  oriented  not 
only  along  the  b-  and  c-axes  but  along  the  polar  a-axls  also  [80,  82]. 

Mitsui  and  Furuichi  [3]  showed  that  the  width  of  a  domain  is  pro¬ 
portional  to  the  square  root  of  the  crystal  thickness  d  and  that  the 
following  relationship  is  satisfied  fairly  well: 

•  (>  (7.7) 

Mueser  and  Flunkert  [83]  noted  that  Curie  point  of  the  regions 
with  b-domai;  is  somewhat  higher  than  that  of  the  regions  with  c-domains 
It  is  of  interest  that  crystals  grown  at  a  temperature  corresponding  to 
polar  state  prove  to  be  broken  up  into  domains  although  the  solution  has 
a  sufficiently  good  electric  conductivity  and  the  surface  charges  are 
compensated  [75j<  This  experiment  shows  that  elastic  energy,  and  not 
electrostatic  energy,  is  determinative  in  the  formation  of  domains. 

Indenbora  and  Chernysheva  [S^]  and  Nakamura  and  Ohi  [75,  85,  86 j 
noted  a  correlation  between  the  domain  pattern  and  arrangement  of  screw 
dislocations.  Nakamura  and  Ohi  observed  domains  fixed  on  screw  disloca¬ 
tions  and  not  disappearirg  even  upon  an  application  of  strong  electric 
fields.  Calculations  of  the  form  cf  such  domains  were  undertaken  in  [87 j 
Unlike  barium  titanat.e  the  domain  structure  of  Seignette's  salt  was 
studied  almost  exclusively  optically  although  the  feasibility  of  using 
electron  microscopy  [?.8]  and  etching  with  water  [8SJ  had  been  shown. 

Domain  structure  of  potassium  dlhydrogen  phosohate  has  been  little 
studied.  Above  Curie  point  KK2^4  belongs  to  the  noncentrosymmetrlc  tet¬ 
ragonal  class  7?2m.  Spontaneous  polarization  appears  along  the  fourth- 
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order  axis*  Thus*  this  is  a  uniaxial  ferroelectric  and  only  180°  do¬ 
mains  can  be  in  it.  Spontaneous  deformation  consists  in  a  displacement 
in  the  base  plane.  In  doing  so,  tetragonal  unit  ceil  becomes  monoclinic 
(the  tree  symmetry  is  rhombic).  Tetragonal  planes  (100)  and  (010)  may  be 
the  twir.ning  planes.  This  leads  to  a  domain  structure  which  is  completely 
anaiagocs  to  the  domain  structure  of  Ssigr.etce's  salt.  Owing  to  a  small 
turn  of  the  indicatrix  in  the  neighboring  domains  they  can  be  differenti¬ 
ated  in  polarized  light  [3,  89,  90j.  Toshev  [61,  9l]  successfully  used 
the  "det/"  method  to  reveaJ  the  domains. 

Par.  5.  Domain  Walls 

'Jntil  now,  when  examining  the  domain  structure  of  ferroelectrics 
we  did  not  touch  upon  the  question  of  what  the  domain  walls  are,  and 
their  thickness  and  energy.  We  will  recall  that  in  the  case  of  ferro¬ 
magnetics  domain  wall  s  a  wide  transition  region  in  which  magnetization 
vector  gradually  turns  from  one  direction  to  another.  The  case  of  a 
180°  wall  .is  shown  schematically  in  Figiure  7.11a.  The  thickness  of  a 
wall  is  determined  from  the  condition  of  a  minimum  of  the  sum  of  exchange 
energy  and  anisotropy  energy.  A  portion  of  the  wall  energy  connected 
with  exchange  interaction  decreases  with  an  increase  in  wall  thickness 
sinc<  a  parallel  orientation  of  magnetic  moments  is  most  favorable  for 
this  interaction.  At  the  same  time,  the  portion  of  wall  energy  which  is 
connected  with  anisotropy  increases  with  the  wall  thickness  since  the 
volume  in  which  intensity  of  magnetization  does  nOL  coincide  with  the 
easy  direction  increases.  Exchange  energy  considerably  exceeds  anisot¬ 
ropy  energy.  Therefore,  domain  walls  in  ferromagnetics  are  sufficiently 
thick. 


Figure  7.11.  Schematic  representation  of  180° 

domain  wail  in  -a  ferromagnetic  (a) 
and  in  a  fei roelcvtric  (b). 

In  ferroelectrics  the  electrostatic-interaction  energies  of  dipoles 
oriented  in  parallel  and  in  antiparallel  do  not  differ  veiv  markedly.  At 
thesame  time,  anisotropy  is  high.  Therefore,  it  should  be  expected  from 
general  considerations  alone  that  domain  walls  in  ferroelectrics  are  con¬ 
siderably  thinner  than  in  ferromagnetics.  The  second  important  distinc- 
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tion  of  domain  walls  of  ferroelectrics  consists  ir.  the  behavior  of  polar¬ 
ization  vector  inside  the  wall.  In  ferromagnetics  the  modulus  of  magnet¬ 
ization-intensity  vector  in  the  wall  does  not  change.  In  the  case  of 
ferroelectrics,  owing  to  a  high  anisotropy  it  is  difficult  to  expect 
rotation  of  the  polarization  vector,  rather  its  modulus  changes.  There- 
forej  for  example  in  the  case  of  a  180°  wall,  a  pattern  shown  schematic¬ 
ally  in.  Figure  7.11b  may  be  expected. 

In  the  greater  portion  of  works  devoted  to  a  theoretical  examina¬ 
tion  of  energy  and  thickness  of  domain  walls  in  ferroelectrics  the  crys¬ 
tal  together  with  the  wall  is  regarded  as  a  continuum-  Calculations  are  per¬ 
formed  similarly  to  the  way  this  is  done  in  the  ca -.e  of  ferromagnetics. 

Thus,  Merz  l72j  examined  the  energy  of  a  180°  wall  of  barium  titar.ate.  in 
the  form  cf  ®  sum  if  dipol e-interac ..ion  energy  and  anisotropy  energy.  He 
determined  from  the  condition  of  a  minimum  of  agg  egste  energy  the  thick¬ 
ness  of  the  wall  and  its  energy.  The  thickness  proved  to  be  equal  to  >ne 
lattice  constant,  and  energy  --  to  7  ergs/cm^. 

The  first  phcncrronologicai  calculations  for  &  domain  wall  of 
Seignette's  sait  were  carried  out  by  Mitsui  and  Furrichi  |_8l].  However, 
they  did  not  take  into  account  the  energy  of  piezoelectric  deformation 
J23*  electrcstric.tion  was  taken  i.ito  account  inconsistently,  and  deforma¬ 
tions  did  not  satisfy  Saint-Venant  continuity  conditions,  an  exact  phe¬ 
nomenological  theory  of  Jomain  wal  1  in  tetragonal  titanate  and  Seignette's 
salt  was  developed  by  Zhirnov  [93j.  He  used  a  method  suggested  bv  bandau 
and  Lirshics  [99]  for  the  study  of  domain  structure  of  ferromagnetics. 

Using  thermodynamic-equilibrium  condition  in  the  absence  of  an  external 
electric  field  the  course  of  the  change  in  polarization  in  the  wall  was 
determined-  and  explicit  expressions  for  the  thickness  of  the  wall  and 
its  energy  were  also  obtained.  Examination  was  carried  out  with  the  con¬ 
dition  of  divP=0,  i.e.  with  the  condition  of  absence  of  bound  charges 
on  the  wall. 

The  following  types  of  energy  were  taken  into  account  in  writing 
the  expression  tor  thermodynamic  potential:  1)  anisotropy  energy  brought 
about  by  a  deflection  of  polarization  vector  from  the  easy  direction; 

2)  elastic  energy;  3)  energy  connected  with  electrostriction  and  if  the 
crystal  was  above  Curie  temperature  --  piezoelectric  with  piezceffect; 

91  energy  connected  with  nonur.iform  distribution  of  polarization  vector. 
Zhirnov  determined  th^t  polarization  vector  in  the  wall  does  not.  rotate 
but  '■hat  its  modulus  changes.  Numerica’  evaluations  of  the  thicknesses 
and  energies  of  walls  in  barium  titanate  and  Seignc'.te  s  sa.t  are  given 
in  Tabic  16. 

A  siraila*  examination  was  carried  out  by  Ivanchik  ^ 9 5 1  and  Bulayev- 
'uiy  [96]  for  barium  titanate  and  by  Fousel:  [ 97 j  for  tr’glycinc  sulfate. 

In  doing  so,  unlike  [93j>  In  [95,  96]  a  ferroelectric  phase  transition 
in  oarium  titanate  was  considered  to  be  a  transition  c-t  the  first  kind 
a;.d  in  the  expansion  for  thermodynamic  potential  the  sixth-order  terma 
ter  po1 arization  «er :  taken  !nt«  account.  Ir.  addition  to  this,  Ivanchik 
[95]  showed  that  periodicity  in  the  arrangement  of  antiparal iei  domains 
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is  equal  to  the  density  of  tb«-  free  charges  which  compensate  them. 
Calculated  data  for  this  cast  re  also  given  in  Table  16. 

The  case  of  a  180°  domain  wall  in  barium  titanate  when  the  wall  is 
a  plane  parallel  to  the  c-axis  w?>  examined  in  the  works  [93,  95-98]. 
Owing  to  the  aniscropy  of  eiasv'c  energy  it  may  be  expected  that  the 
energy  of  such  a  wall  will  depend  on  its  orientation  with  respect  to  the 
a-axir.  Using  the  method  simitar  to  that  used  in  |.9jj  Dvorak  and  Janovec 
[99]  -aicu’sicu  the  relationship  of  the  energy  of  a  180°  wall  to  the 
angle  cp  between  the  wa‘l  and  a-axis.  They  found  that  the  energy  of  the 
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wall  is  a  periodic  function  of  cP  with  minima  a;  -5  n  and  maxima  at 

<P=  \n  "2)  dn  inte8er  or  3  null).  This  result  agrees  with  the 

tendency  -<*  discovered  in  [23]  —  of  180°  walls  to  become  oriented  along 
the  a-axis.  However,  as  the  calculations  shows-..,  the  difference  hetween 
the  maximum  and  minimum  energies  of  the  walls  amounts  only  to  0.01  per¬ 
cent.  It  is  difficult  to  suppose  that  such  a  small  difference  in  energy 
may  be  the  cause  of  the  orientation  of  domain  walls  along  the  a-axis. 

As  we  have  already  underscored,  phenomenological  theories  regard  a 
wall  as  a  continuum.  Generally  speaking  such  an  approach  is  correct 
only  when  the  thickness  of  the  wall  is  it  •.  greater  than  the  interatomic 
distancos  but  when -it  amounts  only  to  a  few  lattice  constants,  as  in  the 
case  of  18CQ  walls,  the  validity  of  such  a  consideration  is  problematic. 

In  particular,  as  noted  in  [99],  possibly  it  is  precisely  because  of  this 
that  the  inference  of  phenomenological  theory  concerning  weak  angular 
dependence  of  the  •.••all  energy  does  not  correspond  to  -eality. 

Creation  of  microscopic  r.hcorv  of  domain  >*alls  encounters  great 
difficulf  es.  Kaenzig  and  Scmmerhalder  [lOO]  examined  a  simple  mcdel 
of  a  ferroelectric  -*  a  body-centered  cubic  lattice  of  point  dipoles. 

The  "njrgy  of  r he  wall  was  defined  as  the  difference  between  the  energies 
of  the  crystal  with  a  wall  and  without  a  wall.  Naturally,  such  an 
examination  the  dipole-interaction  energy  alone  is  taken  into  account. 

The  authors  of  the  work  [i00|  obtained  the  following  formula  for  wall 
energy: 

0*  =0.88P-a 
w 

where  P  is  polarization  within  the  domain  and  ’a”  is  lattice  constant. 

Two  models  were  proposed  for  domain  walls  in  KH2PO&  {_l0lj.  In 
one  of  them  the  rotation  of  polarization  vector  takes  place  by  means  of 
two  successive  turns  by  90°  and  in  the  second  mod.l  polarization  is  ab¬ 
sent  in  the  wall  since  the  dipole  moments  are  completely  compensated. 
sUoase  and  Takahashi  [lQ2j  made  an  attempt  t.o  create  a  microscopic  theory 
of  a  130°  domain  wall  in  barium  titanate-  An  assumption  that  no  rotation 
of  polarization  vector  takes  place  in  the  wall  but  that  its  modulus  changes 
was  laid  sown  as  the  basis  of  the  model.  Next,  the  results  t;l  a  calcut-  - 


tion  by  Kinase  [103]  for  local  fields  at  the  sites  of  titanium  ions  were 
used  for  a  parallel  and  antiparallel  arrangement  of  dipole  moments  of  the 
unit  ceils.  In  doing  so,  it  was  considered  that  only  titanium  ions  are 
displaced.  Using  a  method  of  calculation  for  lattice  distortion  in  a 
one-domain  crystal  suggested  by  them  earlier,  Kinase  and  Takahashi  [104] 
determined  these  distortions  in  domain  wall.  They  found  that  a  180°  bound¬ 
ary  has  practically  a  zero  thickness.  According  to  tl.eir  calculations 
the  energy  of  the  boundary  is  1.40  ergs/cm^.  If  the  displacement  not  of 
titanium  ions  alone  but  of  the  oxygen  ions  0l  (Figure  1.3b)  is  also  taken 
into  account,  then  a  thickness  of  the  boundary  equal  to  two  lattice  para¬ 
meters  results. 
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CHAPTER  8.  SPONTANEOUS  POLARIZATION  AND  REPGurtRIZATION  PROCESSES 
§1.  Spontaneous  Polarization  and  Dielectric  Hysteresis 

One  of  the  most  remarkable  properties  of  ferroelectrics  is  their 
ability  to  change  the  direction  of  spontaneous  polarisation  by  an  external 
electric  field.  This  process  is  known  as  repclarization,  and  it  can  be 
observed  on  an  oscillograph  scope  with  the  aid  of  the  circuit  proposed  by 
Sawyer  and  Tawer  [1]  (Figure  8.1).  Here  vertical  deflection  of  the  beam  is 
proportional  to  the  charge  on  the  specimen  and  horizontal  deflection  is 
proportional  to  the  voltage  on  it.  The  process  of  periodic  repolarization 
with  alternating  current  of  industrial  frequency  is  usually  observed  with 
the  aid  of  this  diagram.  The  Sawyer-Tawer  method  can  be  used  only  if  the 
electrical  conductivity  of  the  specimen  is  low.  Otherwise  the  loop  will  be 
distorted  by  the  active  component  of  the  current.  For  this  rcron  more 
sophisticated  schemes  have  been  proposed  to  compensate  for  the  .u^rent  of 
conductivity  [2,  3]. 


c. 


c, 


Figure  8.1.  Ciicuit  for  observing  dielectric 
hysteresis  loops.  --  ferroelectric  speci¬ 
men;  Cj  —  integrating  capacitor;  Rj  and  R9  — 
voltage  divider. 

The  dependence  of  polarization  on  electric  field  strength  is  of  the 
hysteresis  loop  form  and  .s  depicted  schematically  in  Figure  1.2  (see 
Chapter  1).  If  perfect  saturation  is  achieved,  i.e.,  the  direction  of 
spontaneous  polarization  coincides  in  the  entire  crystal  with  the  direction 
of  the  external  electric  field,  then  important  information  concerning  the 
ferroelectric  can  be  derived  from  the  hysteresis  loop.  The  growtn  of 
polarization  with  increasing  electric  field  strong. n  after  saturation  is 
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caused  only  by  the  processes  of  electron  and  ior.  displacement  (induced 
polarization),  and  not  by  a  reversal  of  spontaneous  polarization.  Therefore 
the  permittivity  of  a  crystal  along  the  polar  axis  can  be  found  from 
the  slope  of  the  saturation  branch,  and  spontaneous  polarization  can  be 
determined  by  extrapolating  the  saturation  branch  to  E  =  0. (Figure  1.2). 

The  eiectric  field  strength  at  which  polarization  vanishes  is  Called  the 
coercive  field  (Ec).  Theoretical  calculations  of  the  coercive  field  as  the 

field  in  which  the  spontaneous  oolarization  vector  in  a  single-domain 
crystal  jumps  suddenly  from  the  position  of  tne  ar.tiparallel  to  the  parallel 
field  yield  for  barium  titanate  fields  of  the  order  10s-106  V/c.:a  [4,  Sj  . 

The  experimentally  observed  coercive  fields  are  three  orders  of  magnitude 
smaller  than  the  theoretical  values.  This  discrepancy  is  explained  by  the 
fact  that  the  change  of  direction  of  spontaneous  polarization  is  not  abrupt 
in  the  entire  domain,  but  is  a  result  of  movement  of  the  domain  walls. 

This  subject  is  examined  at  length  in  the  ensuing  sections  of  this  chapter. 

There  is  considerable  difference  between  repolarizaticn  of  feno- 
flectrics  and  remagnetization  of  ferromagnetics,  despite  the  seemingly 
perfect  analogy  of  these  processes.  When  a  magnetic  field  whoso  direction 
does  not  coincide  with  the  axis  of  easy  magnetization  is  applied  to  a 
ferromagnetic,  the  processes  of  displacement,  of  the  domain  walls  *.ur 
followed  by  the  processes  of  rotation,  during  which  time  the  spontaneous 
magnetization  vector  rotates,  asymptotically  approaching  ine  direction  of 
the  field.  In  the  case  of  ferioelectrics  anisotropy  is  so  great  that  there 
is  practically  no  rotation  of  the  spontaneous  polarization  vector  in 
tolerable  electric  fields,  i.e.,  this  vector  can  lie  only  on  tbc  ferro¬ 
electric  axes  (they  correspond  to  the  axes  of  easy  magnetization  of  ferro¬ 
magnetics)  . 


We  will  examine  now  the  temperature  dependence  of  spontaneous 
polarization.  In  the  case  of  the  first  order  phase  transition  spontaneous 
polarization  occurs  abruptly  at  the  Curie  point,  while  in  the  case  of  the 
second  order  phase  transition  it  changes  continuously.  Beth  cases  are 
depicted  schematically  in  Figure  1.1.  Barium  titanate,  whose  spontai  ecus 
polarization  temperature  dependence  is  illustrated  in  Figure  8.2,  is  an 
example  of  a  ferroelectric  with  the  first  order  phase  transition.  Polariza¬ 
tion  in  pseudoc.ubic  direction  [100]  was  determined  experimentally.  Since 
in  the  rhombic  phase  spontaneous  polarization  is  aimed  in  pseudocubic  direc¬ 
tion  [110]  the  experimental  value  must  be  multiplied  l:y  /?  to  find  the  true 
value.  Spontaneous  polarization  in  the  rhombohedral  phase  coincides  with 
pseudocubic  axis  [111].  Here,  therefore,  the  experimental  values  must  be 
multiplied  by  /3.  Spontaneous  polarization  occurs  abruptly  at  the  Cu.- ie 
point  [7,  8],  The  coercive  field  at  room  temperature  varies  for  different 
crystals  from  500-2,000  V/cm.  Its  temperature  dependence  is  shown  in 
Figure  8.3.  In  the  rhombohedral  phase  the  coercive  field  grows  rapidly  as 
the  temperature  approaches  the  helium  temperatures  [10]. 

The  temperature  dependence  of  spontaneous  polarization  of  triglycine 
sulfate  is  characteristic  of  second  order  phase  transitions  'Tigure  8.4), 


Figure  8.2.  Spontaneous  polarization  temperature 
dependence  of  barium  titanate:  a  --  in  tetragonal 
phase  (Merz  [6]);  b  --  in  orthorhombic  and  rhombo- 
hedral  phases  (Wieder  [7]}.  The  component  of 
spontaneous  polarization  on  pseudocubic  axis  [  1  O''] 
was  determined  in  the  orthorhombic  and  rhombohedral 
pha-.es . 

The  value  of  according  to  the  data  of  different  authors  varies  in  a  rather 

broad  range  r 1 1 - 1 5 j .  The  coercive  field  at  room  temperature  is  approximately 
400  v/cm  [12]  . 

According  to  thermodynamic  theory,  if  in  the  expansion  of  the  thermo¬ 
dynamic  potential  we  are  limited  to  the  terms  P1',  we  find  the  temperature 
dependence  of  spontaneous  polarization  from  equation  (3.9a).  If  the  term 
with  P6  is  considered,  as  in  (3.12),  then  it  is  easy  to  show  that 

(«i)»  -J-  {•  -  n*.  (8.1) 

if  a’  is  known,  then  coefficients  6  and  y  can  be  found  by  the  method 
u 

of  least  squares  from  the  experimental  dependence  of  P^  on  (0  -  T)  near  the 
Curie  point . 

In  the  case  of  triglycine  sulfate  6  =  4*10_I°  (el.  st.  un./cmz)'z 
and  y  =  3*10"18  (el.  st.  un./cm2)-1*  (16).  In  the  extremely  narrow 
temperature  range  just  below  the  Curie  point  somewhat  different  values  were 
obtained  for  these  coefficients  [17].  Using  experimental  values  of  8  and 
y  it  is  possible  to  estimate  the  values  of  the  first  three  terms  in  the 
expansion  of  *hc  thermodynamic  potential  (3.12).  This  estimate  shows  that 
the  term  with  P*'  is  extremely  small.  Therefore  the  second  term  in  (8.1) 
can  be  discarded,  whereupon  we  find  that  is  a  nearly  linear  function  of 

(0  -  T) .  The  investigations  of  Stvukov  [1?]  and  Gonzalc  [19]  show  that 
this  function  is  linear  at  least  to  (0  -  T)  ~  O.l1^. 

For  ferroelectrics  isomorphic  to  potassium  dihydrophosphate  the 
second  term  in  (8.1)  is  most  important,  and  near  the  Curie  point  spontaneous 
polarization  is  a  linear  function  of  temperature,  and  here  Pg  increases 
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Figure  8.3.  Temperature  dependence 

of  coercive  field  (E  )  of  barium 
c' 

titauat?  crystal  (according  to 
Kinder  [9]). 


Figure  8.4.  Temperature  dependence 
of  spontaneous  polarization  of 
triglycine  fluoberyl late  (1), 
triglycine  sulfate  (2)  and  tri- 
glycine  selanate  (3)  (according 
to  Hoshino,  et  al  [11]). 


very  rapidly  as  the  temperature  falls.  Ihis  shows  that  the  phase  transition 
of  potassium  dinydrophosphate  is  by  nature  close  to  the  critical  point  (see 
Chapter  12) . 

The  temperature  dependence  of  spontaneous  polarization  of  Seigpette's 
salt  is  illustrated  in  Figure  8.5.  Pg  changes  smoothly  at  the  Curie  points. 

The  coercive  field  intensity  has  a  maximum  value  of  ~200  V/cm  between  5  and 
1S°C. 

If  a  ferroelectric  crystal  is  single-domain  or  domains  of  one  of  the 
possible  orientations  prevail  in  it  (unipolar),  then  a  change  of  its 
temperature  will  lead  to  the  pyroelectric  effect,  i.e.,  to  the  appearance 
of  charges- on  the  surface  of  the  crystal.  By  analyzing  the  pyroelectric 
effect  it  is  possible-  to  determine  the  pyroelectric  coefficient 


(8.2) 
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Figure  8.5.  Temperature  dependence 
of  spontaneous  polarization  of 
Seignette  salt:  ordinary  (1)  and 
deuterated  (2)  (according  to 
Hablutzel  [20]). 
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If  the  temperature  dependence  of  the  pyroelectric  coefficient  is 
known  it  is  theoretically  possible,  starting  at  the  Curie  point,  to  deter¬ 
mine  by  integration  of  (8.2)  the  magnitude  of  spontaneous  polarization. 

The  compensation  method,  by  which  it  is  possible  to  avoid  leaks  of  the 
pyroelectric  charge,  is  most  often  used  for  analysis  of  the  pyroelectric 
effect.  Zheludev  and  Gladkiy  [21]  used  this  method  to  analyze  Seignette's 
salt  crystals  polarized  with  the  aid  of  mechanical  stresses,  and  Koptsik 
and  Gavrilova  [22,  23]  used  it  to  analyze  unipolar  crystals  of  barium 
titanate,  triglycine  sulfate  and  Seignette's  salt.  Poiycrystalline  barium 
titanate  was  also  analyzed  [24,  25],  It.  is  noteworthy  that  measurement  of 
the  pyroelectric  effect  near  the  Curie  point  involves  great  difficulties, 
since  the  observed  effect  becomes  partially  the  result  of  change  of  the 
domain  structure,  which  amounts  either  to  breakdown  into  domains  or  reduc¬ 
tion  of  unipolarity.  This  feature  becomes  the  determining  factor  near  the 
Curie  point  and  the  coefficient  passes  through  the  maximum  considerably 
below  the  Curie  point  [22,  23]. 

Chynoweth  [26]  used  the  dynamic  method  to  analyze  the  pyroelectric 
effect.  In  this  method  the  part  of  the  crystal  to  which  the  electrode  is 
attached  is  periodically  heated  by  infrared  pulses  and  the  resulting  pulses 
of  pyroelectricity  are  measured.  For  pyroeurrent  density,  obviously,  we 
have: 


(8.3) 


(IT 

At  a  constant  rate  of  change  of  temperature  (t^-)  the  pyroeurrent  is 
dP 

proportional  to  -ppS..  Therefore  by  integrating  (8.3)  it  is  possible  to  find 

in  relative  units  the  temperature  dependence  of  spontaneous  polar' zat ion. 
This  method  was  used  for  analysis  of  morocrystals  [2o,  27]  and  ceramics 
[28,  29]  of  barium  titanate,  and  also  tiiglycine  sulfate  monocrystals  [30]. 

§2.  Elementary  Processes  of  180°  Repolarization 

Repolarization  of  ferroelectric?  in  an  electric  field  occurs  as  a 
rest  it  of  change  in  their  domain  structure.  In  order  to  understand  this 
phenomenon,  therefore,  it  is  necessary  first  of  all  to  know  the  individual 
elementary  processes  that  occur  and  the  laws  that  govern  them.  The  most 
direct  information  concerning  this  can  be  obtained  from  direct  observations 
of  the  domains.  If,  however,  we  are  interested  in  the  integral  character¬ 
istics  of  change  of  pol3rii.<».j.on  of  the  entire  crystal,  to  which  ail  the 
mechanisms  contribute,  or  we  want  to  know  which  one  of  thee  is  the  most 
important,  then  the  answers  to  these  questions  can  be  found  by  analyzing 
the  change  of  summary  polarization.  These  measurements  can  be  taken  by 
purely  electrical  methods. 

There  are  two  ways  to  solve  the  problem  of  repolarization.  The  best 
results  are  obtained  by  analyzing  the  simplest  case  --  180°  repolt  .ation, 


-  262  - 


vt.ejt  tue  field  is  applied  along  Ihe  axis  of  spontaneous  polarization  and  its 
direction  changes  180°.  These  arc-  c-domain  crystals  of  barium  titanate, 
uniaxial  pyroelectrics  --  triglycine  sulfate,  guanidine,  aluminum  sulfate 
hexahydrnre,  etc.  In  this  case  repolarization  way  be  the  result  of  the 
following  mechanisms: 

1)  formation  of  180°  domains  with  spontaneous  polarization  parallel 
tc  the  field; 

2)  growth  cf  nuclei  in  the  direction  of  spontaneous  polarization  to 
the  electrodes  without  substantial  change  of  the  cross  section  of  these 
domains ; 

3)  expansion  of  new  domains  formed,  i.e.,  movement  of  180°  walls  to 
the  side,  perpendicular  to  the  direction  of  spontaneous  polarization. 

Merz's  analyses  in  polarized  light  [31]  of  the  repolarization  of 
c-domain  barium  titanate  monocrystals  revealed  that  on  application  of  an 
electric  field  opposite  spontaneous  polarization  nuclei  o*  antipaiallel 
domains  form  near  the  electrodes.  These  nuclei  grow  like  thin  needles  in 
the  direction  of  the  polar  axis  from  one  electrode  to  the  other.  Notable 
lateral  expansion  was  nut  observed.  Numerous  observations  of  various 
researchers  show  that  in  not  very  strong  fields,  up  to  a  few  kilovolts  per 
centimeter,  antiparallel  domains  form  chiefly  in  the  same  places. 

Chynoweth  and  Abel  [32]  tried  to  create  artificially  on  trigiycine 
sulfate  centers  at  which  nuclei  would  be  formed.  For  this  purpose  they 
created,  first  of  all,  places  with  high  field  intensity,  for  which  holes 
were  made  or.  one  of  the  surfaces,  and  secondly,  defects  by  local  irradiation 
with  x-rays  [33].  Despitet  however,  the  seemingly  favorable  conditions  at 
these  places  for  the  formation  of  antiparallel  domains,  the  location  of 
their  formation  could  not  be  predetermined. 

Thus  it  is  still  not  known  what  local  features  of  a  crystal  facilitate 
the  formation  of  nuclei.  It  should  be  pointed  out  that  Miller  and  Savage 
[34 j  were  able  to  create  antiparallel  domains  at  a  given  point  on  barium 
titanate  crystals  with  the  aid  of  a  hole.  If  the  nuclei  forned  at  the  same 
places  in  weak  fields  then,  according  to  Stadler  and  Zachmani.dis  [35],  in 
strong  fields  of  approximately  20  kV/cm  the  nuclei  form  at  different  places 
every  time,  in  most  cases.  The  fraction  of  domains  that  form  at  repeated 
places  increases  as  the  field  intensity  decreases  and  in  the  presence  of 
sudden  mechanical  and  thermal  actions. 

Merz  [31,  36,  37]  states  that  the  formation  of  nuclei  in  not  very 
strong  fields  is  a  statistical  process  and  its  probability  is  an  exponent!.  \ 
function  of  field  intensity 

• 

(8.4) 
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where  ct  plays  the  part  of  the  activation  field.  It  hav  also  been  theorized 
that  the  nuclei  are  generated  by  heat  fluctuations,  .'.ardajer  f 38]  later 
showed  that  the  probability  of  such  a  mechanism  of  formation  cf  new  domains 
is  infinitesimally  small.  Stadler  and  Zachmanidis  nevertheless  point  out 
[35]  that  if  the  domain  all  energy  is  a ^  =  0.4  erg/cm2,  then  in  fields 

exceeding  10  kW/cm  the  formation  of  nuclei  as  a  result  of  thermal 
fluctuations  may  become  a  reality.  Their  experimental  rate  of  formation 
of  nuclei  in  strong  fields  (2-450)  kV/ca  is  proportional  to  F.1*".  For 
Seigr.ette’s  salt  Mitsui  3nd  Furuichi  [39]  found  that  the  rate  of  formation 
of  new  domains  is  an  exponential  function  of  the  field. 

If  for  strong  fields  the  formation  of  nuclei  can  be  regarded  as 
experimentally  proyed,  then  for  weak  fields  the  question  remains  unanswered. 
The  appearance  of  antiparallei  oraains  in  different  cycles  of  repolarxzation 
at  the  same  places  may  correspond  not  only  to  the  formation  there  of  nuclei. 
It  is  not  ruled  out  that  there  were  already  tiny  antiparallel  domains  at 
these  places,  which  grow  when  the  field  is  applied  and  can  be  detected 
experimentally  only  when  they  reach  a  certain  size.  It  is  also  held  that 
the  surface  layers  of  a  crystal  play  an  important  part  in  nucleation 
processes  [40,  41].  Janovec  [41j  -,io  proceeded  from  the  presence  of  a 
space  charge  on  the  surface  of  th<.-  barium  titanate  crystal,  gives  a  possible 
explanation  of  this  phenomenon.  In  this  case  a  strong  electric  field  forms 
in  the  surface  layer  perpendicular  to  the  surface.  On  one  of  the  surfaces 
this  field  will  always  be  aimed  opposite  the  spontaneous  polarization  of 
the  crystal  volume,  regardless  of  the  direction  of  the  field,  and  the 
formation  of  tiny  antiparallel  domains  is  favorable  here  from  the  standpoint 
of  energy. 

The  nuclei  of  the  new  domains  formed  develop  primarily  in  the 
direction  of  spontaneous  polarization,  growing  from  one  electrode  to  the 
other.  This  stage  of  development  of  nuclei  precedes  their  lateral  expansion. 
Stadler  [42]  measured  the  forward  growth  rate  of  domains  for  barium  titanate 
by  the  stroboscopic  illumination  method.  He  derived  the  following  equation 
for  the  dependence  of  the  growth  rate  on  the  field: 

v  =  (5,590  cm/sec)  exp  (-1.8  kV/cn/E).  (8.5) 

In  their  first  observations  of  the  repolarization  of  barium  titanate 
Mer?.  [3i,  36]  and  Little  [43]  did  not  detect  notable  lateral  expansion  of 
the  domains.  Soon  afterwards  Miller  and  Savage  [34.  44-47]  conducted  a 
series  of  tests,  in  which  they  used  liquid  electrodes  of  concentrated 
lithium  fluorine  solution.  They  found  that  in  fields  up  to  1  kV/cm 
repolarization  is  chiefly  the  result  of  the  lateral  motion  of  the  180°  walls. 
In  seme  cases  the  entire  region  of  the  crystal  beneath  the  electrode  was 
repolarized  by  the  growth  of  a  single  domain.  Further  studies  revealed 
that  there  is  also  lateral  growth  of  the  domains  with  metallic  electrodes 
[48]. 


Tests  conducted  later  by  Stadler  and  Zachmanidis  [49,  50]  in  strong 
fields  up  to  450  kV/cm  and  in  a  broad  temperature  range  showed  that  in  this 
case  too  there  is  lateral  motion  of  the  180°  walls.  It  is  noteworthy  that 
the  expanding  domains  have  a  rather  regular  shape,  which  depends  on  the 
temperature  and  field  intensity  [34,  45,  50,  51].  The  results  of  these 
observations  are  summarized  in  Figure  8.6.  Nakamura  [52]  developed  a 
purely  kinematic  theory  of  lateral  growth  of  antiparallel  c -domains.  The 
domain  forms  which  he  obtained  coincide  with  the  observed  forms. 

For  the  dependence  of  boundary-  velocity  (v)  on  the  field.  Miller  and 
Savage  derived  the  exponential  law 


Here  6  signifies  the  activation  field  and  v^  the  wall  velocity  for 
E  -*■  “.  The  value  6  is  sensitive  to  impurities  and  increases  somewhat  with 
the  field.  As  seen  in  Figure  8.7,  however,  5  varies  only  between  2  and  5 
kV/co  as  the  velocity  changes  eight  orders  of  magnitude.  The  tendency  of  6 
to  increase  with  the  field  apparently  explains  the  high  values  6  -  7.8  kV/cm 
(for  v^  =  2.8*  101*  cm/sec)  obtained  by  Taylor  [S3]  with  the  fields  of 
2.5-6  kV/co.  The  rate  of  lateral  movement  is  extremely  sensitive  to 
temperature,  and  when  the  temperature  is  increased  fro®  25  to  100°C  it 
increases  approximately  four  orders  of  magnitude.  The  temperature  dependence 
is  determined  chiefly  by  the  diminution  of  o  with  temperature  [54] . 
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Figure  8.6.  Diagram  illustrating 
form  of  180°  domain  in  barium 
titanate  as  function  of  external 
electric  field  strength  and 
temperature.  To  the  right  are 
directions  [109]  and  [110]. 
(According  to  Stadler  and 
Zachra  midis  [50] ) . 


It  is  noteworthy  that  at  constant  voltage  wall  velocity  decreases 
approximately  five-fold  through  the  first  2.000  X,  and  then  remains  constant 
[55].  Miller  and  Savage  explained  this  phenomenon  with  the  aid  of  tha 
surface  layer  mode:,  proposed  by  Drougard  and  Landauer  [56] .  In  the  strong 
electric  fields  of  .2*250  kV/ca,  as  demonstrated  oy  Stadler  and  Zachmanidis 
[49],  the  rate  of  lateral  motion  is  proportional  to  E1’*.  The  effect  of 
impurities  and  electrode  material  on  the  speed  of  the  ISO*  domain  wall  was 
investigated  [55,  48}.  It  was  also  discovered  that  if  the  field  is  elimi¬ 
nated  after  total  repolarization  a  certain  number  of  small  domains  may  be 
formed  with  polarization  antiparallel  to  the  polarization  of  the  crystal. 
This  phenomenon  became  known  as  reverse  switching. 

The  90°  domains  should  have  an  effect  on  the  motion  of  the  180*  walls 
in  barium  titanate  sonocrystals,  since  because  of  the  great  anisotropy  of 


peraittivity  considerable  heterogeneity  of  the  field  can  be  expected  at  the 
point  of  the  crystal  where  the  a-domain  intersects  it.  Callaby's  investiga¬ 
tions  [57]  showed  that  the  a-domains  cun  have  a  notable  effect  on  the  move- 
sent  of  ths  180°  walls  only  when  they  have  sufficiently  great  *-;idth. 


The  laws  of  motion  of  the 
3 80°  walls  in  the  rhombic  phase  of 
barium  titanate,  as  established  by 
Callaby  [58],  are  generally  the 
same  as  in  the  tetragonal  phase. 

The  antiparallel  domains  in  the 
rhombic  phase  are  rectangular  with 
walls  corresponding  to  planes  (100) 
and  (110)  (a  section  of  the  (310) 
type  was  analyzed) .  The  dependence 
of  the  velocity  of  these  walls  on 
the  field  obeys  the  law  (8.6)  with 
v  =  3*10"  cm/sec  and  6  =  5.7*103 
V/cm  for  wall  (100)  and  with  vro  = 

*  5.5*102  cm/sec  -.nd  6  =  4.1*103  V/cm 
for  wall  (110).  As  in  the  tetragonal 
phase,  velocity  is  maximal  at  the 
initial  moment  and  diminishes  by 
measure  of  travel  of  the  wall, 
reaching  a  constant  value  after 
passing  a  certain  distance.  The 
length  of  jnis  path  depends  on  the 
field;  70  A  at  160  V/cm  and  70,000 
The  reduction  of  velocity  also  depends  on  the  field.  It  is 

These  results  were 


Figure  8.7.  Rate  cf  lateral 
motion  of  180°  wall  in  barium 
titar.ate  as  function  of  inverse 
electric  field  strength 
(according  to  Miller  and  Savage 
[45]). 
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at  5S0  V/cm. 

greater  for  weak  fields  and  smaller  for  strong, 
interpreted  by  Callaby  on  the  basis  of  his  surface  layer  model 


The  lateral  motion  of  the  180°  walls  was  observed  in  triglycine  sulfate 
by  Chynoweth  and  Abel  [59]  in  weak  electric  fields  of  30-35  V/cm.  In  these 
experiments  liquid  electrodes  were  used,  and  the  domain  structure  after  each 
partial  repolarization  was  analyzed  by  the  charged  powders  method.  Mitsui 

and  Furuichi  observed  the  motion  of  the  walls  in  Seignette's  salt,  and 

:  \ 
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according  to  their  data  wall  velocity  v  ~  (E  -  E0)  [39,  60], 


Considerable  difficulties  are  encountered  in  explaining  the  mechanism 
of  lateral  movement  cf  the  180°  walls.  Since  the  180°  wall  is  extremely 
thin,  its  displacement  parallel  to  itself,  as  indicated  by  estimates,  is 
improbab’fc  [36,  15].  Therefore  it  .is  theorized  that  the  lateral  movement 
is  apparent.  In  reality  the  nucleus  of  the  antiparallel  domain,  which 
grows  from  one  electrode  to  the  other,  leading  to  the  displacement  of  the 
wall,  forms  near  the  actual  180°  wall.  It  can  be  expected  .nat  it  is  easier 
for  such  nuclei  to  form  than  new  domains,  which  are  completely  surrounded 
by  the  medium  with  antiparallel  polarization,  if  only  because  the  summary 
area  of  the  walls  of  the  nucleus  adjacent  tc  the  old  domain  is  less  than 
that  of  the  nucleus  of  the  isolated  domain. 
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One  of  the  first  investigations  of  such  a  model  was  done  by  Drougard 

[61] ,  who  advanced  the  theoty  that  the  probability  of  formation  of  a 
nucleus  as  a  protuberance  on  the  wall  of  the  existing  antiparallel  domain 
is  proportional  to  the  perimeter  of  the  wall  and  that  the  nucleus,  although 
once  formed,  spreads  rapidly  on  the  wall  through  the  thickness  of  the 
crystal.  This  model  leads  to  a  repolari2ation  rate  proportional  to  domain 
area.  It  follows  from  the  tests  of  Hiller  and  Savage  [45],  however,  that 
the  rate  of  repolarization  is  not  proportional  to  the  area,  but  to  the 
perimeter  of  the  expanding  domain,  since  according  to  their  data  wall 
velocity  is  not  a  function  of  domain  area. 

To  reach  agreement  with  the  experimental  data  Miller  and  Weinreich 

[62]  used  a  somewhat  different  model.  They  surmised  that  many  nuclei  form 
simultaneously  or.  the-  wall  in  the  form  of  protuberances  and  that  their 
probability  of  formation  is  proportional  to  wall  perimeter.  Since  many 
nuclei  form  simultaneously,  each  of  them  expands  on  a  small  portion  of  the 
wall  until  it  reaches  its  neighbor.  Therefore  the  process  of  repolarization 
is  determined  only  by  the  mechanism  of  formation  of  the  nuclei,  which  prefer 
the  shape  of  plane  triangles,  facing  the  domain  (figure  8.8).  With  this 
shape  the  additional  energy  attributed  to  the  greater  total  area  of  the 
domain  walls  is  slight.  Miller  and  Weinreich  analyzed  the  change  of  energy 
(AU)  of  a  crystal  associated  with  the  formation  of  a  nucleus.  They  took 
into  account  the  energy  of  spontaneous  polarization  of  the  nucleus  in  the 
electric  field,  the  energy  of  newly  formed  domain  walls  and  the  energy  of 
the  depolarizing  field.  Since  wall  velocity  (v)  is  determined  by  the  rate 
of  formation  of  the  nuclei  due  to  heat  fluctuations,  then 


'~“p(-sr). 


(8.7) 


Figure  8.8.  Schematic  diagram  of 
triangular  nucleus  on  180°  domain 
wall.  (According  to  Miller  and 
Weinreich  [62]). 


The  optimal  nucleus  dimensions 
a*  and  l*  3nd  activation  energy  AU* 
corresponding  to  them  can  be  deter¬ 
mined  from  the  conditions  9AU/3a  =  0 
and  3AU/3I  =  0.  Assuming  nucleus 
thickness  (c)  to  be  equal  to  one 
lattice  constant,  then  when  E  = 

=  300  V/cm  a*  =  3.6*10“®  cm  and  l*  = 

=  16*10"®  cm.  AU*  depends  on  the 
thickness  of  the  nucleus,  and  here 
the  relation 

(8.8) 


is  valid,  where  AU?  and  AU*  are  the 
1  n 

activation  energies  for  nuclei  that  are  one  and  n  lattice  constants  thick. 

Wall  movement  is  governed  in  principle  by  the  formation  of  nucleu  of  different 
thickness,  and  therefore  wall  velocity  can  be  written  in  the  form  of  a  series: 
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»  —  £*>E»t  2  UF  (~  TT^  ***)  • 


(8.9a) 


Since  AU*  is  inversely  proportional  to  E,  then  (8.9a)  can  written  in 
the  form:  n 


v-Ca 


2 


(8.9b) 


The  first  term  plays  the  principal  part  in  veak  fields,  which 
corresponds  to  the  formation  of  nuclei  of  one  lattice  constant  thickness 
Then  the  experimental  exponential  dependence  of  v  on  E  (8.6)  is  obtained. 

The  experimental  6  coincides  with  the  theoretical  if  wall  energy  is  assumed 
to  be  0.4  erg/ cm2.  Using  this  model  it  is  also  possible  to  explain  the 
change  in  domain  shape  as  a  function  of  the  field. 

The  formation  of  nuclei  with  n  >  1,  having  a  great  energy  of  activa¬ 
tion,  becomes  increasingly  probable  as  the  field  strengthens.  Possibly 
related  to  this  is  the  experimentally  observed  slight  increase  of  6  with 
the  field.  Stadler  and  Zaehmanidis  [49]  showed  that  when  E  >  2  kV/cra  series 
(8.9b)  changes  as  Ex.  For  E  ~  2  kV/cm  x  =  1.45-1.40,  and  when  E  ranges  from 
3  kV/cm  to  450  kv/cm  x  =  1.36-1.34.  This  dependence  of  wall  velocity  on 
the  field  coincides  satisfactorily  with  their  experimental  dependence. 

Other  models  of  the  growth  of  antiparallel  domains  in  barium  titanate 
were  proposed  by  Burfoot  [63,  64],  Abe  [63],  Nakamura  [66],  Heiiral  dislo¬ 
cation,  spreading  perpendicular  to  the  wall,  plays  an  important  role  *>. 
the  180°  wall  movement  in  Nakamura's  model  [66].  Dislocation  leads  to  the 
appearance  of  a  step  cn  the  wall,  which  grows  in  a  spiral  under  the 

influence  of  the  field,  with  the  result  that  the  wall  shifts,  remaining 

parallel.  As  shown  by  Miller  and  Weinreich  [62],  however,  it  is 
improbable  that  this  mechanism  operates  in  fields  up  to  ~103  V/cra. 

The  theory  of  movement  of  domain  walls  in  KH-PO.  was  advanced  by 

Schmidt  [67].  1  * 

§3.  Integral  Characteristics  of  180°  Repolarization 

Now  that  we  have  become  familiar  with  individual  processes  of  180° 
repolarization  ond  their  principles,  established  by  direct  observation  of 
the  change  of  domain  structure,  we  will  proceed  to  the  general  principles 
of  repolarization.  The  pulse  method  proposed  by  Merz  [36]  turned  out  to  be 
very  fruitful  m  this  regard, 

A  crystal  is  subjected  to  rectangular  pulses  of  alternating  polarity. 
The  growth  time  of  the  pulses  (-10  nsec)  is  much  shorter  than  the  repolari¬ 
zation  time,  so  that  it  may  be  assumed  that  the  entire  process  of  repoiari- 
zation  proceeds  at  constant  voltage.  Pulse  amplitude  and  duration  must  be 
such  as  to  ensure  complete  repolarization  of  the  specimen.  Consequently 
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the  specimen  is  noc?'.ed  up  to  a  resistor,  the  voltage  on  which,  proportional 
to  the  repo lari tat ion  current,  also  known  as  the  switching  current,  is 
observed  on  the  c-rcillograph  scope. 


The  voltage  pulse  and  switching  current  pulses  are  depicted 
schematically  in  Figure  8.9  for  voltage  pulses  of  alternating  and  of  the 
same  polarity.  It  is  obvious  that  if  the  electric  field  is  directed  along 
the  axis  of  spontaneous  polarization  and  180°  repolarization  takes  place, 
then  the  area  beneath  the  current  pulse  is  2Ps>  converted  to  unit  of  area 

of  the  electrode.  Switching  time  t  and  maximum  switching  current  i  are 

S  IDctX 

clear  from  Figure  8.9,  In  his  first  investigations  of  barium  titanate 
monocrystals  by  this  method  Merz  obtained  important  results  [36,  37,  68]. 

The  dependences  of  i  and  t  on  voltage  are  of  the  form  illustrated 
max  s 

in  Figure  8.10.  In  fields  up  to  5  kV/cm  the  exponential  law 


i 


max  ~t. 


(8.10) 


where  a  represents  the  activation  field,  is  satisfied.  According  to  Marz’s 
data  [36,  37]  a  is  of  the  order  of  101*  V/em  ar.d  depends  on  crystal  thick¬ 
ness.  Subsequent  investigations  yielded  lower  values  of  a.  Thus  Drougard 
[61]  obtained  a  Values  varying  from  5-10  kV/cm  for  various  crystals  of 
thickness  10“ 2  cm;  Taylor  [53]  obtained  a  =  8.2  kV/cm  for  10"3  cm  thickness 
in  fields  of  2.5-6  kV/cm.  Stadler  [66]  verified  Merz’s  dependence  [36]  of 
a  on  crystal  thickness,  and  according  tc  his  data  a  *  4  kV/cm  for  a  thick¬ 
ness  of  5*  10"  2  cm  and  reaches  28  kV/cm  at  a  thickness  of  10"3  cm,  satisfying 
the  exponential  law  for  t  to  the  field  strength  determined  according  to 

equation  (1.4),  (1  +  )  kV/cm,  where  d  is  the  thicxness  of  the  crystal 

in  cm.  For  thicknesses  of  the  order  of  'l'I0"2  cm  this  field  is  approximately 
2  kV/cm,  which  is  considerably  less  than  the  5  kV/cm  found  by  Merz. 

Drougard  [61]  analyzed  on  barium  titanate  crystals  the  dependence  of 
t.he  instantaneous  switching  current  on  effective  polarization  P,  changing 
from  -Ps  to  ♦Ps.  In  moderate  fields  the  experimental  results  agree 

satisfactorily  with  the  equation 


{yj  * 


(8.11) 


where  ig  is  the  switching  current,  P  is  polarization  at  any  moment  of  time, 

Q  is  the  total  switching  charge  and  8  is  the  coefficient  (0.4-2, 3) *107  sec" 

The  character  of  the  switching  time  as  a  function  of  the  field  differs 
in  stronger  fields.  Merz  [37]  discovered  in  the  first  investigations  of 
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Figure  8.9.  Schematic  diagram  of 
voltage  and  current  pulses:  a  -- 
voltage  pulse;  b  —  repolariza¬ 
tion  current  pulse  with  voltage 
pulses  of  alternating  polarity; 
c  —  current  pulse  with  voit.ge 
pulses  of  the  same  polarity. 


Figure  8.10.  Maximum  repolarization 

current  i  and  inverse  switching 
max  b 

time  1/t^  as  functions  of  applied 

field  for  barium  titanate  mono- 
crystal.  Specimen  thickness 
(2.5-35) •10"3  cm.  (Merz  [36]). 


repolarization  that  barium  titanate  crystals  behave  in  strong  fields  like 
resistors,  i.e.,  the  repolarization  current  is  linearly  related  to  the  field: 

..  i  f~g» 

(8  •  !2) 


where  En  is  the  threshold  field,  B  is  a  constant,  d  is  crystal  thickness. 
u  1 

In  this  formula  ^  =  u  may  be  thought  of  as  domain  wall  mobility.  Hence 

Merz  concluded  that  repolarization  in  strong  fields  is  determined  by  the 
advance  of  180°  domains  through  the  thickness  of  the  cr>stal  Later,  however, 
Stadler  [70,  69]  discovered  in  analogous  investigations  that  the  law 


t 

5 


a 


9E 


•1,4 


(8.13) 


where  H  is  given  in  RV/cm  and  tg  in  sec,  and  where  tg  is  not  a  function  of 

crystal  thickness,  is  satisfactorily  satisfied  for  the  repolarization  time 
in  strong  fields. 

The  processes  of  repolarization  on  bipolar  pulses  were  also  investi¬ 
gated  on  the  crystals  of  other  ferroelectrics :  triglycine  sulfate  [15, 
71-79],  oeignettt*s  salt  [80],  KH^PO^  [81],  guanidine  aluminum  sulfate 

hexahydrate  [82-86],  coleraanite  [87],  LiH,(SeOv)0  [88,  89],  (NH^lHSO^  [90], 

thiourea  [91],  tetraethyl  ammonium  trichloraeTcurate  [92],  The  switching 
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time  of  all  these  ferroelect.rics,  like  that  of  barium  tit3nate,  is  an 
exponential  function  of  field  strength  (8.10)  in  moderate  fields,  and  for 
triglycine  sulfate  a  depends  on  crystal  thic^nar-s  according  to  the  law 
-372 

a  -  a^d  '  [93,  94).  in  stvong  fields  the  repolarization  ties  of 

Seignette's  salt,  gt>«ridine  aluminum  sulfate,  coleraanite  and  (NH^IHSO^ 

depends  on  tn«*  ffeld  according  tc  the  law  (8.12).  In  fields  between  20  and 
SO  kV/cra  (at  >'f  temperature)  the  repr larizaticn  tiros  of  trlglyciivs  sulfate 
is  inversely  ^portional  to  the  field  [73]  (Figure  8.11a): 

t  =  const  E'1  (8.14) 

and  mobility  increases  with  crystal  thickness  [75].  In  the  case  of 
LiH^fSeO^).,  [89]  in  fields  .com  5  to  5C  kV/cra 

t  =  const  E  .  f 8 . 15) 

s 

n*ea  t  r  const  E-3^  [91]  from  100  V/cro  to  3  kV/cm. 


Figure  8.11.  Dependences  characterizing  repolarization  rf 
triglycine  sulfate  crystals:  a  --  dependence  of  inverse 
rv polarization  time  1 /t s  for  triglycine  sulfate  at  room 

temperature  (Fatuzzo  and  Merz  [73]);  h  --  dependence  of 
growth  rate  of  domains  v  =  d/ts  on  direction  of  electric 

field  at  45°C  for  triglycinc  sulfate  crystals  of  different 
thickness  (Binggeli  and  Fatuzzo  [75]). 

The  first  explanation  of  laws  (8.10)  and  (8.12)  of  repolarization  was 
offered  by  Merz  [36,  37,  6S] ,  who  hypothesized  that  the  repolarization  time 
in  weak  fields  ,'s  determined  by  the  time  of  formation  of  the  nuclei  of  new 
antiparallel  domains,  and  that  t_  ;s  therefore  an  exponential  function  of  E, 

and  in  strong  fields,  by  the  growth  time  of  antiparallel  domains  through 
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the  crystal,  hence  a  linear  relation  between  t  and  the  field.  Later  studies, 

particularly  the  discovery  of  lateral  movement  of  180°  walls,  forced 
re-examinaticn  of  these  first  concepts. 

The  identical  character  of  the'  dependence  of  the  inverse  switching 
time  and  rate  of  lateral  wall  movement  on  the  field  [formulas  (8.6)  and 
d)j  indicated  that  repolarization  in  moderate  fields  occurs  chiefly  by 
means  of  lateral  expansion  of  180°  domains.  The  values  of  <x  and  6  in  the 
first  experiments  of  Merz  and  Miller,  of  course,  differed  substantially, 
but  even  the  o-values  obtained  by  Stadler  [69]  are  close  to  the  6-values. 
Taylor  [S3],  analyzing  the  repolarization  cf  barium  titanate  crystals  with 
liquid  electrodes  in  fields  of  1.5-6  kV/cm,  obtained  practically  identical 
values  for  a  and  6. 

Fatuzzo  and  Merz  [73],  Wieder  [87],  Fatuzzo  [94],  Kite  [95]  Developed 
a  model  of  repolarization.  Fatuzzo  [94]  did  a  theoretical  model  calculation 
of  current  pulses  during  lcpolarization  in  the  most  general  and  regular 
form,  and  we  will  discuss  the  basic  concepts  of  his  model,  a  special  case  of 
which  is  the  Wieder ifcodel  [87].  It  is  theorized  that  the  nuclei  of  anti¬ 
parallel  domains  are  formed  randomly  on  the  crystal  surface,  as  in  a 
static  process.  The  time  t  required  for  the  formation  of  all  nuclei  is  an 

exponential  function  of  the  field: 


£-£«p(-r). 


(8.16) 


Each  nucleus  grows  in  the  direction  of  the  field  iuring  time  t^.  The 

developing  domain  expands  laterally.  At  the  same  time  new  nuclei  are  formed , 
grow  ahead,  expand,  etc.  The  lateral  movement  can  be  real  (i.e.,  the  wall 
moves  as  a  whole,  parallel  to  itself)  or  apparent,  but  in  either  case  the 
velocity  of  the  wall  is  assumed  to  be  isotropic  and  the  domain  circular  in 
cross  section.  Proceeding  from  these  assumptions  Fatuzzo  calculated  the 
dependence  of  repolarization  current  on  time  and  of  rcpolarization  time  on 
the  field.  The  character  of  both  these  dependences  is  determined  by  the 
magnitude  of  the  parameter  k.  For  actual  lateral  movement 


if'.' 


(8.17) 


where  u  is  wail  mobility,  R  is  the* probability  of  formation  of  nuclei,  and 


r  is  the  radius  of  the  nucleus, 
c 


For  apparent  lateral  motion 


(8.18) 


where  R  is  the  probability  of  formation  of  an  isolated  nucleus,  R*  is  the 
probability  of  the  of  3  nucleus  next  to  an  existing  domain.  In 

both  cases  the  greater  k  greater  should  be  the  role  of  lateral  movement 
of  the  walls.  The  phyn^*l  Sense  of  k  is  particularly  clear  in  the  case 
of  apparent  lateral  *  Here  k  shows  how  much  more  readily  a  nucleus 

forms  next  to  an  existiq^  domain  than  does  an  isolated  nucleus,  i.e.,  as  if 
to  characterize  '-'nucleus /d03Jain  interaction."  In  the  case  h  »  1  lateral 
wall  movement  plays  the  ^hjgf  role  in  the  repolarization  process  (Wieder's. 
conclusions  [87]  are  Specifically,  for  this  case).  Fatuzzo  found 

that  when  k  »  1  and  ^oyetaent  is  real, 

(8.19) 


where  a*  =  5a* /3.  In  e&se  of  apparent  lateral  movement 

t.  ~  exp  (a/E),  (8.20) 

where  a  =  2a"/3  +  a'/3- 

In  strong  fields  dependence  o  '  t  on  F:  according  to  (8.19)  can  be 

regarded  as  a  power  f*incfl0ft»  and  it  is  -lose  to  the  one  observed  experi¬ 
mentally  for  barium  t iterate  and  thiourea.  It  cannot  be  ruled  out,  there¬ 
fore,  that  apparent  Weil  movement  changes  into  real  lateral  wall 

movement  in  these  cryst^js  jn  a  strong  field.  The  repolarization  current 
pulse  is  symmetrical  fo*.  I  7>  |,  i.e.,  t*  =  t".  (The  meaning  cf  t'  and  t" 

is  clear  from  Figure  >  "This  is  understandable  from  simple  qualitative 

considerations.  If  Nation  by  means  of  lateral  movement  predominates, 

then  the  repolarization  ^Mrfent  is  proportional  to  the  perimeter  l  of  the 
domains.  When  t  =  0,  I  ^  Q  ^nd  i,  »  0,  then  i  increases  and  passes  through 

a  maximum.  Comparison  ^  tb®  experimental  shape  of  pulse  ig  with  theoretical 

indicates  that  barium  tlfnwte  and  colemanite  relate  to  the  case  k  »  1. 

When  k  is  not  too  gre^t  ^sp^eed  to  unity  and  does  not  depend  on  the  field, 
then  the  probabilities  ^  format i°n  of  nuclei,  both  isolated  and  adjacent 
to  a  domain,  are  similar  %cJ  o'  ~  fx’*.  In  this  case  the  dependence  of  t 
on  the  field  is  of  expch^htj.3i  character: 

t  =  const  exp  a'/E.  (8.21) 

For  k  =  0,  whefl  ptOchanism  of  lateral  movement  has  practically  no 
influence,  the  shape  of  is  markedly  asymmetrical  and  t*  -  0.  In 

this  case  the  formation  *?£  isolated  nuclei  and  their  forward  growth  are  the 
prime  factors  in  repo la*.£ Nation.  Consequently  i  is  proportional  to  the 

rate  of  formation  o:  thfe  tv.lei,  and  it  is  maximal  at  the  beginning  of  the 
process.  This  obviously  ^of^esponds  to  guanidine  aluminum  sulfat? 
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hexahydrate.  Triglycine  sulfate,  tetramethyl  ammonium  trichlormercurate 
occupy  an  intermediate  position,  and  for  these  compounds  the  best  agreement 
between  the  experimental  and  theoretical  current  forms  occurs  respectively 
for  k  =  1  and  k  =  5. 

Judging  by  Strukov's  data  [90],  (N»4)HS04  crystals  also  belong  to 

this  group.  Wieder  [74]  noted  that  for  triglycine  sulfate  Fatuzzo's  model 
does  not  agree  with  the  experiment  in  the  case  of  great  crystal  thickness 
of  the  order  of  0. 5-1.0  cm.  This  is  possibly  related  to  the  fact  that  in 
this  case  defects  within  the  crystal ,  not  taken  into  account  in  the  model , 
have  a  considerable  effect  on  the  apparent  lateral  movement  of  the  180° 
walls. 

The  Fatuzzo  and  Wieder  models  pertain  to  the  region  of  weak  fields; 
thus,  as  regards  strong  fields,  the  generally  accepted  point  of  view  at 
this  time  is  that  t  .e  repolarizrtion  time  of  ferroelectrics ,  for  which  the 
relation  between  the  inverse  repolarization  time  and  the  field  is  linear, 
is  determined  by  the  growth  time  of  domains  from  one  electrode  tc  the  other. 
The  reasons  for  the  exponential  relation  between  t  and  the  field  in  some 

of  the  ferroelectrics  are  not  yet  clear.  In  a  sufficiently  strong  field 
the  rate  of  womain  wall  travel  may  be  so  great  as  to  exceed  the  speed  of 
sound.  Stacler  [96,  49]  pointed  this  out  with  respect  to  barium  titanate, 
but  this  problem  was  investigated  most  thoroughly  by  Binggeli  and  Fatuzzo 
[75]  on  triglvcine  sulfate  crystals. 

The  forward  growth  time  of  domains  of  triglycine  sulfate  at  room 
temperature  in  f.jlds  greater  than  20  kV/cm  is  greater  than  the  time  of 
nucleus  formation.  It  is  nearly  equivalent  to  rcpolarization  time,  and 
therefore  the  growth  rate  can  be  determined  from  electric  measurements. 

At  higher  temperature  the  field  strength  above  which  the  situation  occurs 
diminishes.  The  dependences  of  growth  rate  on  the  field,  obtained  by 
Binggeli  and  Fatuzzo  for  crystals  of  various  thickness  are  presorted  in 
Figure  8.11b.  It  is  clear  from  this  figure,  first  of  all,  that  each  curve 
has  two  linear  segments,  corresponding  to  different  mobilities  and, 
secondly,  the  mobilities  cn  both  segments  increase  as  crystal  thickness 
increases.  The  discontinuity  on  the  experimental  curves  occurs  at  a 
velocity  close  to  the  velocity  of  propagation  of  longitudinal  sound  waves. 
The  authors  feel  that  since  during  movement  of  a  wall  there  is  some  deformed 
region  near  it,  displacement  of  this  region  along  with  the  wall  due  to 
internal  friction  causes  additional  energy  losses,  and  consequently 
increases  the*  "friction”  for  the  wall  itself.  In  the  case  of  wall  travel 
at  supersonic  velocity  deformation  cannot  follow,  i.e.,  the  wall  travels 
without  creating  distortions  of  the  crystal  lattice  near  it,  and  therefore 
its  mobility  increases.  As  regards  the  dependence  of  mobility  op.  cr  *stal 
thickness,  then  in  the  case  of  triglvcine  sulfate  it  obviously  cannot  be 
attributed  to  a  particular  surface  layer,  as  is  usually  done  for  barium 
titanate .  The  fact  is,  perhaps,  that  as  the  domain  grows  its  length 
increases  without  substantial  changes  in  lateral  dimensions,  and  therefore 
the  depolarizing  field,  which  opposes  the  external  field,  diminishes.  This 


leads  to  wall  movement  with  acceleration.  Then,  the  thicker  the  crystal  the 
greater  the  average  velocity  and  mobility  determined  by  it. 

During  repolarization  of  ferroelectrics  there  are  small  abrupt 
changes  in  polarization,  which  by  analogy  with  the  same  abrupt  changes  in 
magnetization  of  ferromagnetics,  have  come  to  be  known  as  Barkhausen  jumps. 
Barkhausen  jumps  are  detected  experimentally  as  small  bursts  of  repciariza- 
tion  current.  Barkhausen  pulses  have  been  analyzed  chiefly  durir.g  repolari- 
zation.  of  barium  titanate  crystals  [97-101,  44].  There  are  several  reasons 
for  the  appearance  of  such  pulses:  a)  the  formation  of  the  nucleus  of  an 
antiparallel  domain;  b)  initial  jump  in  the  growth  of  such  domain;  c) 
merging  of  two  180°  domain  walls.  Negative  Barkhausen  pulses  correspond  to 
the  formation  of  small  domain';  with  polarization  opposite  to  the  direction 
of  the  field. 

The  history  of  the  specimen  has  a  considerable  effect  on  the 

repolarization  process.  The  investigations  of  Fatuzzo  [71],  Shuvalov 

[76-78],  Tambovtsev  [79]  of  triglycine  sulfate  crystals  showed  that  if 

bipolar  voltage  pulses  are  applied  to  the  specimen  at  different  intervals 

i.e.,  one  interval  between  pu'..ses  is  greater  than  another,  then  i  and 

max 

t  for  pulses  of  different  polarity  do  not  coincide.  This  phenomenon  tales 

place  in  fields  where  the  exponential  law  for  the  switching  time  is  satis¬ 
fied.  Apparently  the  conditions  of  the  formation  of  nuclei  change  within 
“he  interval  between  pulses.  The  greater  the  time  between  pulses,  the 
worse  the  conditions  become  for  the  formation  of  nuclei.  One  of  the 
factors  that  prevent  the  application  of  ferroelectrics  as  matrix  menory 
elements  of  digital  computers  is  the  fatigue  effect. 

This  phenomenon  was  discovered  on  barium  titanate  crystals  [10*']  and 
amounts  to  a  gradual  reduction  of  the  rcpolarized  vrlome  after  several 
millions  of  repolarizations,  "he  repo lari  zed  volume  can  be  restored  to 
its  initial  value  by  repolaricing  the  crystal  after  a  fev:  minutes  with 
industrial  alternating  current.  Th"  -nv^sti gat ions  of  Hayashi,  et  al  [103] 
showed  that  the  higher  the  temperature  and  frequency  of  the  pulses  the 
faster  fatigue  sets  in.  Tiny  a-domains  ('10~4  cm  wide)  were  observed  on 
the  surface  of  "fatigued"  crystals.  Hayashi  and  coauthors,  on  the  basis 
of  these  experimental  data,  concluded  that  the  fatigue  effect  is  related 
to  heating  during  repolarization  of  the  region  of  the  crystal  located 
between  -.he  electrodes  (in  such  experiments  electrode  rovers  pa* :  of  the 
crystal'.  As  a  result  Mechanical  stresse®  build  up  here,  chiefly  due  to 
reduction  of  tetragonal ;ty  co...parrd  ::  ll.e  surrounding  parts  of  the  cryscal, 
and  these  stresses  are  the  cause  of  stroll  wedge-shaped  a-domains.  These 
domains  prevent  tne  movement  of  the  180°  walls,  which  leads  to  incomplete 
repolarizat^on.  It  should  be  pointed  out  that  this  explanation  docs  not 
coincide  with  the  results  of  Callabv's  investigation  [57]  of  the  influence 
of  a-domains  on  the  motion  of  180°  walls.  According  to  bis  c-.timatcs, 
a-domains  of  such  narrow  width  should  have  no  significant  effect.  It  is 
noteworthy  that  fatigue  does  not  occur  at  77°K  [104],  The  reason  for  this 
is  not  known,  but  in  any  case  it  is  not  that  the  barium  titanate  crystal  is 


in  the  rhombohedral  phase,  since  fatigue  occurs  at  173°K  in  some  crystals, 
whereas  in  others  it  does  not  occur  at  2S0°K. 


Seignette's  salt  crystals,  as  a  general  rule,  do  not  hold  residual 
polarization  very  well,  and  this  indicates  the  exceptional  stability  of 
the  natural  uon-monodomain  state.  The  longer  the  field  is  applied  during 
polarization  and  the  stronger  this  field,  the  more  slowly  depolarization 
takes  place  in  them. 

Investigation  of  partial  repolarization  produced  interesting  results 
[73,  108].  It  seems  that  if  a  pulse  of  less  duration  than  some  critical 
time  t*  is  applied  to  a  crystal,  then  it  leaves  behind  practically  no 
residual  polarization.  This  phenomenon  was  investigated  most  thoroughly 
by  Taylor  [108]  on  triglycine  sulfate  crystals.  He  showed  that  time  t* 
decreases  as  field  strength  and  temperature  increase,  and  increases  as 
crystal  thickness  increases.  If  a  crystal  can  be  completely  repolarized  by 
the  successive  discharge  to  the  crystal  of  a  small  number  of  pulses  of 
duration  greater  than  t*,  then  with  pulses  of  duration  less  than  t*  this 
can  be  done  only  by  discharging  a  large  number  of  pulses.  When  pulse  dura¬ 
tion,  for  example,  is  6  microsec  and  the  number  of  pulses  is  101*,  repolari- 
zation  comprises  only  10%,  but  when  the  number  of  pulses  is  10®  it  increases 
'„o  90%.  Thus  there  is  some  amount  of  residual  polarization  even  with 
durations  less  than  t*,  but  very  little.  A  possible  explanation  of  the 
observed  phenomenon  consists  in  the  fact  that  if  the  time  of  application 
of  the  field  is  less  than  the  time  required  for  the  growth  of  a  .nucleus 
through  the  crystal,  the  antiparallel  domain  disappears  after  completion 
of  the  pulse  under  the  influence  of  the  depolarizing  field. 

The  absence  of  a  threshold  field  at  which  the  process  begins 
represents  a  considerable  difference  between  the  repolarization  of  ferro- 
electrics  and  remagnetization  of  ferromagnetics.  This  is  evident  even  by 
the  character  of  the  dependence  of  repolarization  time  on  the  field  in 
weak  fields  (8.i0).  The  slow  repolarization  of  barium  titanate  crystals 
was  analyzed  by  Vieder  [109],  who  established  that  in  fields  of  100-600  V/cm 
the  amount  of  polarization  is  satisfactorily  described  by  the  equatioi.: 

(8.22) 


Nakamura  [110]  and  ilomanyuk  and  Zheiudev  [106]  also  found  the 
dependence  of  polarization  on  time  to  be  exponential  for  Seignette's  salt. 

Landauer,  et  al  [4],  starting  with  law  (8.10)  of  repolarization, 
determined  that  the  coercive  field  depends  or  the  nitc  of  increase  of 
voltage,  i.e.,  on  its  amplitude  and  frequency.  Actually,  the  frequency 
dependence  of  the  coercive  field  is  observed  experimentally  [111-116]. 

Here  Borodin,  et  al  [116]  found  that  at  frequencies  of  several  Hertz  the 
coercive  field  diminishes  as  the  frequency  increases,  end  ther,  ever,  at 
higher  frequencies,  in  accordance  with  theory,  increases.  It  is  noteworthy 
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that  the  coercive  field  of  barium  titanate  increases  as  crystal  thickness 
diminishes.  The  reasons  for  the  dependence  on  thickness  are  obviously 
the  same  as  for  a  in  (3.10).  These  d.pendences  are  usually  related  to  the 
presence  cf  surface  layers. 

§4-  Repolarization  of  Barium  Titanate  Crystals  in  the  Presence  of  90° 

Domains 

Ferroelectric  crystals  with  not  only  180°  domains  also  become 
repolarized  through  the  formation  of  new  domains  and  the  movement  of  domain 
boundaries,  but  not  only  180°.  The  great  variety  of  processes  that  occur 
during  repolarization,  their  influence  on  each  other,  the  dependence  of 
the  development  of  some  of  them  on  the  initial  domain  structure,  make  it 
practically  impossible  to  formulate  any  general  theory  of  repolarization 
for  this  case.  Analyses  amount  only  to  determination  of  integral 
characteristics  of  repolarization,  such,  for  instance,  as  repolarization 
time,  without  any  sort  of  model  interpretation,  or  to  a  detailed  experi¬ 
mental  and  theoretical  analysis  of  individual  processes  and  their  inter¬ 
actions.  Of  all  ferroelectric  crystals  in  which  may  occur  more  than  180° 
repolarization,  only  barium  titanatc  crystals  have  been  analyzed.  The 
inverse  repolarization  time  of  barium  titanate  in  the  orthorhombic  and 
rhombohedral  phases  in  fields  of  5-12  kV/cm  is  a  linear  function  of  the 
field  according  tc  law  (8.12)  [7]  (the  field  is  applied  in  direction  [100]). 
On  transition  from  the  tetragonal  phase  to  the  orthorhombic  and  from  the 
orthorhombic  to  the  rhombohedral  the  repolarization  time  with  the  same 
voltage  jump  decreases  [7] .  Ibis  is  evidence  that  the  more  asymmetric  the 
phase  is,  the  easier  it  is  for  repolarizstion  to  occur.  The  abrupt  change 
of  repolarization  time  during  phase  transitions  conforms  with  the  abrupt 
reduction  of  the  coercive  field  (see  §1). 

Of  the  individual  aspects  of  repolarization  the  906  motion  of  the 
walls  in  tetragonal  barium  titanate  has  been  analyzed  most  thoroughly. 

This  subject  is  discussed  in  tittle's  work  [43),  a  series  of  works  by 
Fousek  and  Brezina  [117-121],  and  also  Borodin  et  al  [116] .  Fousek  and 
Brezina  [118]  examined  a  model  of  a  crystal  with  one  90°  wall,  dividing  two 
domains  with  spontaneous  polarization  parallel  and  perpendicular  to  the 
field.  In  contrast  to  reality,  in  order  to  "implify  the  calculations  the 
wall  was  assumed  to  be  parallel  to  the  electroJ'>s,  and  it  was  assumed  that 
~c-iir.ee  ted  charges  or.  it  orier  ~o  ace! lotion  of  t-’,c  field  are  compensated 
bv  free  charges.  For  a  crystal  with  such  a  domain  wall  and  lacking  internal 
stresses  the  change  of  energy  after  application  of  an  external  field  can  be 
written  as  follows: 

*,- «!•***-  !<»•>*•  fs  23) 

V  7  \  •  J 

This  is  valid  in  the  assumption  that  the  time  cf  influence  cf  the 
field  is  much  shorter  than  the  time  required  for  compensation  of  connected 
charges  occuring  on  the  wall.  Energy  l).  depends  on  the  location  of  the 
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domain  wall  in  the  crystal,  and  therefore  pressure  acts  upon  the  wall.  The 
part  of  the  pressure  caused  by  the  presence  of  the  second  term  in  (8.23) 
changes  direction  in  accordance  with  the  direction  of  the  field.  The  first 
term  in  (8.23)  depends  on  the  position  of  the  wall  by  virtue  of  the  fact 
that  permittivity  in  the  domains  differs  by  sore  than  one  order  of  magni¬ 
tude.  The  pressure  attributed  to  this  term  is  applied  from  the  direction 
cf  the  domain  with  the  least  permittivity,  regardless  of  the  direction  of 
the  field.  Thus,  when  sinusoidal  voltage  is  applied  to  a  crystal  the 
pressure  acting  on  the  90°  wall  is  asymmetric. 

“Regenerative  forces"  prevent  movement  of  the  wall  under  tne  influence 
of  pressure.  They  are  attributed  first  of  all  to  the  fact  that  the  energy 
of  the  wall,  by  virtue  of  the  presence  of  defects,  is  sc me  non-monotonic 
function  of  its  location  in  the  crystal,  and  secondly  by  the  fact  that  during 
movement  of  the  wall,  on  the  lateral  faces  of  the  crystal,  to  which  the 
spontaneous  polarization  of  one  of  the  domains  is  normal,  there  will  occur 
a  surface  charge  and  the  field  created  by  it,  and  the  energy  of  the  crystal 
will  increase  (121] .  Because  of  the  asymmetry  of  the  external  pressure  the 
bias  loop,  i.e.,  change  of  the  position  of  the  wall  during  the  period,  is 
also  asymmetric.  Actually,  as  borne  out  by  observations,  deviations  from 
the  enuilibrium  position  are  always  greater  in  the  direction  of  the  domain 
with  spontaneous  polarization  perpendicular  to  the  field.  Furthermore,  in 
the  same  direction  there  is  usually  continuous  displacement  of  the  neutral 
position  of  the  wall,  around  which  it  vibrates  (118). 

In  the  opinion  of  Fousek  and  Brezina  [121],  this  may  be  related  to 
the  fact  that  during  the  time  of  movement  of  the  wall  the  charges  on  the 
lateral  facets  of  the  crystal  are  compensated,  ind  therefore  the  "regenera¬ 
tive  force"  is  diminished.  The  movement  of  the  wail  is  of  a  relaxation 
character  and  as  the  frequency  increases  its  deviation  decreases  rapidly 
(Figure  8.12a).  A  characteristic  feature  is  the  presence  of  a  threshold 
field,  at  which  wall  movement  becomes  notable,  i.e.,  whe  i  its  deviation 
exceeds  0.5  p.  As  the  frequency  increases,  the  threshol-.  field  strengthens 
(Figure  8.12b). 

When  an  electric  field,  perpendicular  to  spontaneous  polarization,  is 
applied  to  a  single-domain  barium  titanate  crystal,  wedge-shaped  90°  domains 
appear  in  the  crystal,  growing  through  the  cry's' .>1 ,  and  in  the  case  of  an 
alternating  field,  oscillating  within  it.  Analysis  of  the  formation  and 
growth  of  these  domains,  and  also  of  their  interaction  with  180*  domains, 
was  conducted  by  Little  [43]  and  by  Fousek  and  Brezina  [122]. 

As  the  wedge-shaped  domains  grow  the  Barkhausen  jumps  appear, 
corresponding  lo  rotation  of  spontaneous  polarization  in  volumes  of 
lO'^-lO"7  enr  [123].  It  has  been  shown  experimentally  that  some  of  the 
jumps  correspond  to  sudden  movements  of  a  wedge,  following  some  lag  in  its 
growth,  the  Barkhausen  jump  also  occurs  when  th>*  wedge  reaches  the  opposite 
boundary  of  the  crystal  and  is  converted  into  a  parailelpiped.  Analysis  of 
the  change  in  the  thickness  of  a  single  a-domain  in  an  alternating  field 
as  h  function  of  its  amplitude  and  frequency  was  conducted  by  Borodin,  et  al 
[116]. 
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Figure  8.12.  Dependences  characterising  motion  of  90° 
walls  in  barium  titanate:  a  --  dependence  of  maximum 
deviation  of  wall  from  frequency  of  applied  voltage 
at  various  amplitudes  (V^)  ;  b  --  frequency  dependence 

of  threshold  voltage,  at  which  wall  movement  becomes 
notable  (deviation  >0.5  y) .  (According  to  Fousek  and 
Brezina  [121]). 


§5.  Repolrrisation  of  Polycrystalline  Ferroelectrics 

A  polycrystal  consists  of  a  set  of  crystals  oriented  in  various 
fashion,  each  of  which  has  a  complex  domain  structure.  Therefore  repolari¬ 
zation  of  polycrystalline  ferroelectrics  is  a  complex  process  and  formulation 
of  its  theory  involves  insurmountable  difficulties.  Statistical  examination, 
of  course,  is  possible.  It  is  analogous  to  the  examination  made  for  poly¬ 
crystalline  ferromagnetics.  Such  calculations  were  done  by  Turik  [124-126], 
who  proposed  distribution  of  domains  according  to  coercive  and  internal 
fields  and  considered  the  chaotic  distribution  of  the  crystallographic 
axes  of  individual  crystals,  examining  only  180°  repolarization  of  the 
domains . 

The  maximum  polarizations  of  polycrystalline  ferroelectrics  can  be 
achieved  when  the  spontaneous  polarization  in  each  crystallite  acquires  one 
of  the  possible  directions  that  is  closest  of  all  to  the  direction  of  the 
field.  These  polarization  values  can  be  calculated  with  consideration  of 
the  symmetry  of  the  crystal  [127-133]. 

The  experimental  polarizations  of  ceramics,  obtained  from  hysteresis 
loops,  are  always  considerably  smaller  than  the  theoretical  values.  This 
indicates  that  complete  recrystallization  is  not  achieved  and  it  is  wise  to 
assume  *'ere  that  the  primary  processes  are  those  of  ^80°  repolarization, 
since  these  processes  do  not  involve  deformation  of  the  individual 
crystallites.  99°  rotations  nevertheless  occur,  as  indicated  by  the 
character  of  deformation  of  specimens  during  quasistatic  polarization  and 
repolarization.  According  to  Mason's  data  [134],  only  10%  of  the  passible 
90°  reorientations  of  tetragonal  barium  titanate  occur  in  a  field  of 
30  tV/cm.  According  to  the  data  of  Subbarao,  et  al  [135],  the  figure  is 
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12%,  ;!oid  17%  according  to  Berlincourt  and  Krueger  [136],  and  after  removal 
of  the  field  the  fraction  of  90°  reorientations  decreases  to  12%.  In 
tetragonal  solid  solutions  of  Pb(7i,  Zr)0^  up  to  53%  of  the  90°  reorienta¬ 
tions  s.re  achieved,  but  on  removal  of  the  field  the  number  decreases  44% 

[1M]. 


Uchida  and  Ik.eda  [137]  also  conducted  similar  investigations.  These 
researchers  calculated  the  deformation  and  polarization  of  ferroelectric 
ceramics  in  the  assumption  that  all  domains  whose  direction  of  spontaneous 
polarization  after  reorientation  makes  with  the  direction  of  the  field  angle 
smaller  than  4>lg0  and  respectively,  become  repolarized  in  a  given 

polarizing  field.  The  dependences  of  and  on  the  field  were 

calculated  according  to  the  experimental  dependences  of  deformation  and 
polarization  on  the  field.  For  barium  titanate  in  a  field  of  20  kV/cm 
(30°C)  4>go  »  16°  and  4>]g()  =  75°. 

The  amount  of  polarization  achieved  with  a  given  electric  field 
strength  diminishes  with  time.  So-called  aging  occurs,  which  consists  in 
the  fact  that  as  time  passes  the  domain  walls  become  attached  in  those 
places  where  their  energy  is  minimum.  Aging  also  occurs  in  monocrystals. 
Specimens  can  be  "rejuvenated,"  by  heating  them  above  the  Curie  point  or  by 
subjecting  them  to  a  strong  variable  electric  field.  The  effect  is 
strongest  in  the  latter  case,  since  the  so-called  aftereffect  takes  place, 
attributed,  according  to  Rzhanov  [138],  to  the  formation  of  some  texture 
due  to  the  fact  that  the  fraction  of  the  domains  reoriented  by  90°  during 
the  first  cycles  of  field  alternation,  is  eventually  more  easily  repolarized 
180°. 


El’gard's  investigations  [139]  verify  this  point  of  view  and  show 
that  the  processing  of  a  specimen  with  a  field  parallel  to  the  measurement 
field  produces  a  substantial greater  effect  compared  to  processing  in 
the  perpendicular  direction.  Despite  the  fact  that  total  polarization  is 
not  reached  in  polycryst3ls ,  the  change  of  the  parameters  of  the  hysteresis 
loop  (coercive  field  and  total  polarization)  with  temperature  reflects  the 
temperature  dependence  of  domain  wall  stability.  As  in  monocrvstals,  the 
coercive  field  decreases  in  polycrystal  lire  barium  titanate  on  transition 
to  a  less  symmetric  phase  [140-145]. 

The  repolarization  of  polvcrystalline  specimens  in  the  pulse  mode 
has  been  analyzed  very  little  [144,  145],  but  there  are  numerous  works  per¬ 
taining  to  analysis  of  nonlinear  electric  properties.  It  is  obvious  that 
a  ferroelectric  capacitor  in  an  electric  circuit  under  sufficient  voltage 
b°havs  like  a  nonli'ear  component,  rhe  concept  of  capacitance  can  be 
used  to  describe  it,  assuming  capacitance  to  be  that  of  a  linear  capacitor 
which  has  the  same  charge  on  its  plates  at  the  same  voltage  or,  let  us  say, 
charge  amplitude  at  the  same  sinusoidal  voltage,  equal  to  the  amplitude  of 
the  first  harmonic  of  the  charge  on  the  ferroelectric  eapaci.or,  etc. 
Capacitances  wiil  obvious lv  diffci  under  different  conditions  of  eo,uivalcncc 
Some  effective  permittivities  can  be  calculated  on  the  basis  of  these 
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capacitances  and  the  geometric  dimensions  of  the  ferroelectric  capacitor. 

Extensive  investigations  of  this  type  have  been  carried  out 
especially  on  polycrystalline  perovskite.  These  include  the  works  of  Vul 
[146],  Bokov  [147,  142],  Verbitskaya  [148-150],  Khodakov  [151],  Sinyakov, 
et  al  [153],  El'gard  [153-157,  139]. 

Usually  two  types  of  permittivity  are  measured  -~  the  so-called  total 
or  normal  permittivity  (£t)  and  first  harmonic  permittivity  (£j).  The 

total  permittivity  may  be  defined  as  the  permittivity  of  the  linear 
capacitor  (Ct)  with  the  geometry  of  the  ferroelectric  capacitor  which  at  a 

given  voltage  has  on  its  plates  the  same  charge  as  the  i'enoelectric 
capacitor.  can  be  found  from  the  hysteresis  loop  foi  any  of  its  branches. 

Usurlly  is  defined  as  the  total  permittivity  fo **  the  main  branch  of  the 

hysteresis  loop,  can  be  defined  as  the  permittivity  of  the  linear 

capacitor  (Cj)1  with  the  geometry  of  the  ferroelectric  capacitor  which, 

when  sinusoidal  voltage  is  applied  to  it,  has  on  its  plates  a  charge  equal 
to  the  first  harmonic  comp  onent  of  the  charge  of  the  ferroelectric 
capacitor  under  the  same  voltage. 

At  the  same  electric  field  intensity  in  the  case  when  saturation  has 
an  effect  £,.  <  e^'.  This  is  related  to  the  fact  that  with  sinusoidal 

voltage  the  change  of  the  charge  in  a  half -period  due  to  saturation  is  of 
"flattened"  form,  and  therefore  the  maximum  charge  is  less  than  the  ampli¬ 
tude  of  its  first  harmonic  [147].  The  curves  of  the  dependence  of  ct  and 

£j  on  electric  field  strength  pass  through  a  maximum  (Figure  8.13).  The 

path  of  the  curves  depends  here  on  the  history  of  the  specimen.  Aging 
plays  a  very  important  role.  The  highest  values  of  et  and  Cj  :an  be 

obtained  after  processing  the  specimen  in  a  strong  variable  electric 
field,  when  the  aftereffect  has  an  influence.  The  application  of  a  stationary 
field,  which  impedes  repolarization,  therefore  leading  to  a  reduction  of 
et  and  £j,  has  the  greatest  effect  on  £t  and  Ej  (Figure  8.14).  Since  et 

and  Ej  are  determined  in  rather  strong  fields  principally  by  repolarization 

processes,  then,  as  demonstrated  by  Bokov  [142,  147],  their  temperature 
dependence  reflects  the  change  of  domain  wall  mobility  with  temperature. 

Maximum  £^  and  occur  in  barium  titanate  and  solid  solutions 

based  on  barium  titanate  after  low-temperature  phase  transitions  in  tk~ 
ferroelectric  phase.  The»e  maxima  are  explainec  by  the  fact  that  on 
transition  to  a  less  syasnetric  phase  domain  wall  mobility,  which  mono- 
tonically  diminishes  -,/ithin  each  phase  at  low  temperature,  increases 

is  measured  on  ordinary  bridge  instruments. 
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Figure  8.13.  Dependence  of  of 

solid  solution  o  Ba_  „Sr_  ,TiO„ 

0.9  0.1  a 

on  strength  of  variable  elec¬ 
tric  field.  Frequency  70  Hz. 

Electric  field  strength  calculated 
according  to  effective  voltage. 

Room  temperature.  Continuous 
curves  correspond  to  measurements 
after  aging  and  broken  curves  -- 
after  heating  above  Curie  point. 

(According  to  Bokov  [147]). 

sharply.  As  the  strength  of  the  electric  field  increases,  r  and  Cj  increase 

quite  sharply  near  the  Curie  point,  where  wall  mobility  is  especiilly  high. 
Here  the  maximum  permittivity  increases  and  is  displaced  toward  low- 
temperatures.  Especially  great  displacements  occur  in  solid  solutions  with 
"eroded"  phase  transition. 

The  displacement  of  maximum  permittivity  in  this  case  is  not  related 
to  the  displacement  of  the  Curie  point.  In  a  weak  electric  field,  after 
cooling  below  the  Curie  point,  the  permittivity  drops  rapidly  due  to  the 
saturation  effect,  . ^lntod  to  *he  appearance  ar.d  growth  of  spontaneous 
polarization.  In  a  strong  field  repolarization  processes  take  place  and 
the  permittivity  is  determined  by  the  magnitude  of  spontaneous  polarization 
and  the  volume  within  which  it  changes  its  direction.  At  low  temperature, 
below  the  Curie  point,  on  the  ore  hand,  spontaneous  polarization  increases, 
which  should  lead  to  an  increase  in  the  permittivity  in  a  strong  field,  and 
on  the  other  hand,  movement  of  the  domain  walls  becomes  more  and  mere 
difficult  and,  consequently,  the  volume  within  which  spontaneous  polariza¬ 
tion  changes  direction  steadily  shrinks,  .lust  below  the  Curie  point  the 
former  process  prevails  and  permittivity  increases.  As  the  temperature 


Figure  8.14.  Dependence  of  of 

polycrystalline  barium  titanate 
on  strength  of  stationary  biasing 
field  for  different  variable 
field  strengths.  Frequency  70  Hz. 
Room  temperature  (According  to 
Bokov  [158]). 

1  —  F.~  =  0.1;  2  E~  *  2.1;  3  — 
F.~  =  4.0;  4  --  E-  =-  6.8;  5  --  E~  = 
=9.5  kW/cm. 


continues  to  drop,  reduction  of  the  repoiarizing  volume  begins  to  prevail, 
and  this  leads  to  lower  permittivity.  The  stronger  the  field  the  lower  the 
temperature  at  which  reduction  of  the  repoiarizing  volume  prevails  over 
higher  spontaneous  polarization.  In  -in  electric  fielc  of  sufficient 
strength,  when  almost  total  saturat  on  Is  achieved  in  the  entire  ferro¬ 
electric  temperature  rar.^e,  the  tevpi  ;a :  u  *  ■  dependences  of  and  smooth 

off,  the  maxima  during  phase  transition s  vanish  and  these  dependences 
actually  follow  the  curve  of  change  of  spontaneous  polarization  with 
temperature. 

Great  nonlinearity  was  discovered  by  Smolenskiy  :.:A  Isupov  [1591  in 
several  solid  solutions  of  Ba(Ti,  Sn)0_  and  Ba(Ti,  Zr)0^.  The  high  domain 

wall  mobility  in  specimens  of  these  systems  is  .apparently  related  to  the 
small  distortion.,  of  the  elementarv  cell  [159],  rhombohedral  symmetry  of 
the  ferroelectric  phase  and,  for  certain  compounds,  similarity  of  the  two 
structural  phase  transitions  and  Or*.  :•  points  [142].  Also  advanced  is  the 
viewpoint  that  the  nonlinearity  of  this  type  of  solid  solutions  with  "eroded” 
phase  transition  near  maximum  e  is  caused  by  the  transition  of  some  of  the 
crystallites  under  the  influence  of  the  field  into  the  ferroelectric  state 
[160].  Verbitskaya  [1-I8-150,  161]  developed  perovskite  ceramics  with  an 
especially  high  nonlinearity.  These  compounds  are  known  as  varicaps. 
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CHAPTER  9.  PERMITTIVITY 

§1,  Dependence  of  Permittivity  on  Temperature 

Examination  of  the  behavior  of  ferroelectrics  in  the  phase  transition 
region  from  the  point  of  view  of  thermodynamics  indicates  that  permittivity 
above  the  Curie  roint,  measured  in  a  weak  electric  field  along  the  ferro¬ 
electric  axis,  i.e.,  the  axis  on  which  may  occur  spontaneous  polarization, 
should  obey  the  Curie-Weiss  law: 


c/«« 


(S.l) 


Since  usually  e  »  1  and,  thus,  e  =  4nx,  then 

c 

(9./) 

The  temperature  dependences  of  inverse  susceptibility  for  first  and 
second  order  transitions  are  presented  in  Figure  1.1.  For  the  first  order 
transition  0  <  Tc  and  permittivity  is  discontinuous  at  the  point  of  transi¬ 
tion.  In  the  case  of  the  second  order  transition  6  =  ~c  and  permittivity 

is  theoretically  infinite  at  the  Curie  point.  The  inverse  permittivity 
(1/e)  below  Tc  in  this  case  is  a  linear  function  of  temperature  with  an 

angular  coefficient  two  times  greater  in  absolute  value  than  in  the  para- 
electric  phase  (the  so-called  "pair  law").  These  derivations  of  thermo¬ 
dynamic  theory  are  valid  for  the  case  of  a  mechanically  free  crystal  (o  =  0) 

T  T 

and  for  isothermic  permittivity  x  (e  ) ,  i.e.,  for  susceptibility,  the 
magnitude  of  which  is  determined  in  such  a  way  that  the  temperature  of  the 
crystal  remains  constant  during  the  measurement  process.  In  many  cases 
the  latter  condition  is  very  important,  since  measurements  are  usually 
made  at  such  frequencies  that  changes  in  the  temperature  of  the  crystal , 
which  arc  usually  the  result  of  the  electroealoric  effect,  cannot  be 
compensated  by  heat  transfer  from  the  ambient  medium  and,  thus,  the  adiabati 

8  8 

dielectric  susceptibility  >;  (e  )  is  measured. 
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T  T 

Following  [1-4],  we  will  calculate  the  difference  between  X  and  X 
for  ferroelectrics  with  the  second  order  phase  transition.  Assuming 
E  =  E(T,  S,  P)  we  may  express  dE  through  the  partial  derivatives  and, 
assuming  dS  «  0,  readily  obtain 


©*s=®»+©i>  *  ©** 


(9.3) 


For  the  differential  of  elastic  enthalpy  H  =  U  +  ou  in  the  case  of  a 
mechanically  free  crystal  we  have 

JB-TiS  +  EiP.  (9.4) 


Hence 


(5.S) 


The  right  hand  side  of  (9.5)  can  be  written  in  the  form 


iK\  \STh 


Recalling  (9.5)  and  (9.6),  (9.3)  acquires  the  form 


iE\  „i*S\  ,  G j)r 


(9.7) 


i  _  i  ,  r  /isy 


(9.8) 


where  cn  is  heat  capacity  at  constant  polarization.  Now  we  will  turn  to 
P  2tt 

equation  (3.8a)  and  recall  that  a  ct£(T  -  6)  =  (T  -  9).  Differentiating 

(3.8a)  with  respect  to  r,  we  obtain 


:&=?'• 


(9.9) 
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Substituting  (9.9)  into  (9.8),  we  obtain: 


i_i  ,16**  r 

a-Sf+TT'-^*.  (9.10) 


Differentiating  (3.8a)  with  respect  we  P,  we  obtain 


l 


(9.11) 


Substituting  this  expression  for  1/xT  into  (9.10),  we  have: 


1  -  <«<r 
Jr" — Z 


(9.12) 


Since  e  *  4irx,  then 


(9.13) 


If  the  measurements  are  made  in  the  S2me  field,  then  above  the  Curie 
point  polarization  will  be  extremely  small  and  the  terms  that  are  functions 
of  polarization  in  (9.10),  (9.11)  and  (9.13)  can  be  discarded.  Therefore 


i  t  r— * 


(9.14) 


Thus,  the  difference  between  the  adiabatic  and  isothermic  permittivity 
is  negligible  and  both  obey  the  Curie-Weiss  law.  Below  the  Curie  point, 
thanks  to  spontaneous  polarization  Ps,  the  correction  for  adiabaticity  in 

(9.10)  may  become  substantial.  .We  will  examine  the  deviation  of  angular 
coefficients  of  tie  dependence  -y{T)  above  and  below  the  Curie  point. 

Expression  (3.9a)  for  P~  after  substitution  of  by  acquires  the  form 


2*m~r) 

— TT7' 


Substituting  this  expression  for  P 


into  (9.13)  we  obtain: 


(9. IS) 


i 

?= 


2<r-u/.  .  4«*  r\ 

"  €  ~  V+l V  TJfh 


(9.16) 
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Differentiating  (9.16)  with  respect  to  T: 


7rOr\<f. 


(9.17) 


From  (9.17),  recalling  (9.14),  we  obtain  for  the  ratio  of  the  slopes 
of  inverse  susceptibilities  for  T  ~  9: 


(9.18) 


Consideration  of  the  correction  for  adiabaticity  gives,  for  instance, 
for  triglycine  sulfate,  a  theoretical  ratio  of  angular  coefficients  equal  to 
2.4,  which  agrees  satisfactorily  with  experimental  values  [4,  51.  The 
adiabatic  correction  is  also  large  in  the  case  of  calemanite,  where  it  is 
of  the  order  of  38%  [3] . 

!t  must  be  emphasized  once  again  that  it  follows  from  thermodynamic 
theory  that  ^armittivity  is  maximum  only  on  the  axis  of  spontaneous 
polarization,  i.e.,  the  axis  of  the  paraelectric  phase  on  which  spontaneous 
polarization  can  occur.  All  the  relations  which  we  derived  above  for 
dielectric  susceptibility  and  permittivity  are  valid  for  a  mechanically 
free  crystal  (o  =  0) .  Since  crystals  in  the  ferroelectric  phase  (more 
precise,  each  domain)  always  display  the  piezoelectric  effect,  and  some 
ferroelect.rics  are  piezoelectrics  even  above  the  Curie  point,  it  must  be 
borne  in  mind  that  for  piezoelectrics  the  difference  between  permittivities 
measured  at  constant  voltages  and  constant  deformation  may  be  very  great. 


If  a  crystal  is  freely  deformed  during  measurements,  then  at  electric 
field  frequencies  less  than  the  frequency  of  mechanical  resonance,  the  free 
permittivity  (e^)  will  be  measure!.  At  frequencies  above  the  frequency  of 

mechanical  resonance  deformation  of  the  crystal  due  to  inertia  will  not  be 
able  to  follow  the  field,  and  therefore  the  clamped  permittivity  (e")  will 
be  measured.  The  difference  between  these  permittivities  will  depend  on 
the  piezoelectric-moduli  and  elastic  rigidity .constants: 


(9.19) 


where  d..  7  and  d.  are  the  tensor  components  of  the  piezoelectric-moduli 

P  J.K4 

and  c are  the  tensor  components  of  the  elastic  rigidity  constants. 

One  of  the  most  characteristic  representatives  of  ferroelectrics 
with  the  second  order  phase  transition  is  triglycine  sulfate.  The 

?The  derivation  cr  this  relation  is  given,  for  example,  in  [6). 
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temperature  dependence  of  the  permittivity  of  triglycine  sulfate,  measured 
in  three  crystallographic  directions,  is  presented  in  Figure  9.1,  and  the 
temperature  dependence  of  1/e^  is  shown  in  Figure  9.2.  As  seen  in 


Figure  9.1,  permittivity  is  low  on  the  a  and  c  axes  and  has  no  anomaly  at 
the  Curie  point.  Permittivity  on  the  axis  of  spontaneous  polarization 
(e.D)  strictly  obeys  the  Curie-Weiss  law.  The  extremely  rigorous  investi¬ 
gations  of  Gonzaio  [5]  and  Craig  [8]  of  the  behavior  of  e  near  the  Curie 


point  showed  that  in  the  paraelectric  region  deviations  from  this  law  occur 
only  when  there  are  only  a  few  hundredths  of  a  degree  to  the  Curie  point. 

No  temperature  hysteresis  is  noted.  The  Curie  constant  is  3.56*103  [!>] . 

The  maximum  permittivity  of  triglycine  sulfate  is  of  the  order  of  10  ,  and 
Sekido  and  Mitsui  [9]  found  that  increases  as  crystal  thickness 

increases.  They  explained  this  dependence  by  the  presence  of  a  surface 
layer  l.o°10-6  cm  tnick  with  a  low  permittivity. 


« 


Figure  9.1.  Temperature  dependence 
of  permittivity  of  triglveine 
sulfate  crystal  (According  to 
Hoshino,  et  al  [7]). 


"Hie  permittivity  of  KH^PO^  on  the  axis  of  spontaneous  polarization 

(Ec)  reaches  10s  (Figure  9.3),  but  the  spontaneous  polarization  of  this 

compound  is  also  reflected  by  permittivity  in  the  nonpolar  direction  (ea). 

Starting  at  the  Curie  point,  e  diminishes  rapidly  as  the  temperature  falls. 

For  e  in  the  interval  50°  above  the  Curie  point  the  Curie-Weiss  law  (9.1) 
c 

is  satisfied  with  C  =  5.25*K3  deg  [11].  Potassium  aihhydrophosphate  is 
also  a  piezoelectric  material  above  the  Curie  point,  and  therefore  the 
behavior  of  the  clamped  permittivity  can  be  studied  during  measurements  on 
frequencies  above  the  piezoelectric  frequency  in  the  paraelectric  region. 

In  this  case  the  Curie-Weiss  law  is  also  valid  with  the  same  Curie  constant, 
but  with  8  4°  lower  than  that  of  the  free  crystal  [11].  The  fact  that  the 
Curie  constant  does  not  change  indicates  that  the  difference  between  the 
inverse  free  and  clamped  permittivities  is  independent  of  temperature. 

Seignette’s  salt  occupies  a  special  position  among  ferroelectrics 
with  the  second  order  phase  transition,  since  it  has  two  Curie  points,  one 
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Figure  9.3.  Temperature  dependence 
Figure  9.2.  Temperature  dependence  of  permittivity  of  K^PO^  crystal. 

of  1/e^  of  triglycine  sulfate  Frequency  800  Hz,  £~  =  200  W/cra. 

crystal  (According  to  Triebwasser  (According  to  Busch  [10). 

[4]). 

at  ♦24°  and  one  at  -18°C.  Permittivity  has  an  anomaly  only  on  the  ferro¬ 
electric  axis  a  (ea)  (Figure  9.4).  and  ec  are  small  and  depend  little  on 

temperature.  Between  25  and  32aC  obeys  the  Curie-Weiss  law  with  C  = 

*  2.24*103  deg  and  8  *  23.0  ±  0.5®C,  but  between  34  and  50*0  the  constants 
are  different:  C  =  1.71»103  deg  and  6  *  25.3  ±  O.G5°C.  Below  the  lower 
Curie  point  in  the  -18  to  -283C  interval  the  Curie-Weiss  law  is  satisfied 
less  precisely  [8] .  At  frequencies  above  the  piezoelectric  resonance 
frequency  in  the  ferroelectric  regions  the  Curie-Weiss  law  is  a.so  satisfied 
with  the  same  Curie  constants  as  in  the  case  of  a  mechanically  free  crystal. 

Thus,  as  in  the  case  of  IQ^PO^,  the  difference  between  the  inverse 

permittivities  of  mechanically  clamped  and  free  crystals  does  not  depend  on 
temperature.  In  the  case  of  the  clamped  crystal  6  decreases  for  the  upper 
transition  and  increases  for  the  lower.  Here  the  transition  points  nearly 
coincide.  This  is- evidence  that  spontaneous  polarization  would  not  occur 
in  an  absolutely  clamped  crystal  [13],  In  deuterated  Seignette's  salt 
convergence  of  the  Curie  points  leads  simply  to  a  narrowing  of  the 
temperature  range  in  which  spontaneous  polarization  exists. 

Of  the  ferroelectrics  with  the  first  order  phase  transition,  we  will 
examine  ’.ere  only  the  behavior  of  the  permittivity  of  barium  titanate. 

Above  the  Curie  point  barium  titanate  is  cubic,  and  consequently  isotrcpic. 
Therefore  the  anomaly  of  permittivity  at  the  Curie  point  occurs  in  any 
direction.  Above  tne  transition  temperature  the  Curie-Weiss  law  is 
satisfactorily  obeyed.  The  Curie  constant,  according  to  various  researchers 
[14-18],  varies  in  rather  broad  limits.  Apparently  the  most  correct  data 
were  obtained  on  monocrystals  by  Merz  [17]  and  Orougard  and  Young  [18], 
According  to  Merz  C  =  1.56* 10s  deg,  and  according  to  Drougard  and  Young 
C  »  1.73’10S  deg.  d  in  the  Curie-Weiss  law  is  approximately  10°  below 
the  Curie  point  [18] . 
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Figure  9.4.  Temperature  dependence 
of  permittivity  of  Seignette's  salt 
crystal.  Frequency  1  kH2.  e from 

-40°C  to  +  4S°C  measured  for  E~  = 

4  V/cm.  (According  to  Hablutzel 

[12]). 
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Figure  9.5.  Temperature  dependence 
of  permittivity  of  barium  titanate 
crystal  (according  to  Merz  [21]). 


Permittivity  drops  sharply  at  the  Curie  point  (120°C),  and  here 
temperature  hysteresis  is  observed  [18-20] ,  which  amounts  to  about  2°  in 
monocrystais  [18].  The  sharp  drop  of  permittivity  at  the  Curie  point, 
presence  of  temperature  hysteresis  and  the  fact  that  6  <  Tc,  all  agree  with 

the  derivations  of  thermodynamic  theory  for  the  first  order  phase  transi¬ 
tion.  In  the  tetragonal  phase  of  the  ferroelectric  region,  as  s*. on  in 
Figure  9.5,  permittivity  is  very  anisotropic,  and  in  contrast  to  triglycine 
sulfate.  KH2P04  and  Seignette’s  salt,  the  permittivity  on  the  polar  axis  is 

much  smaller  than  in  the  perpendicular  directions.  Drougard  and  Young  [22] 
demonstrated  that  ec  at  frequencies  below  the  piezeoelectric  resonance 

frequency  depend  substantially  on  whether  or  not  the  crystal  is  single¬ 
domain  cr  is  divided  into  antiparallel  domains.  In  the  former  case  the  free 
permittivity  is  measured  and  ec  -  200.  In  the  latter  case  the  piezo¬ 
electric  deformation  of  adjacent  antiparallel  domains  has  different  signs, 
which  inhibits  their  deformation  in  the  direction  of  the  thickness  of  the 
crystal.  Therefore  the  permittivity  of  a  crystal  "clamped  with  respect  to 
thickness"  is  actually  measured  and  ec  =  160. 

The  curves  in  Figure  9.5  were  plotted  for  crystals,  one  of  which  in 
the  tetragonal  phase  was  a-domain,  and  the  other  c-domain.  On  transition 
to  the  rhombic  and  rhombohedral  phases  the  domain  structure  becomes  more 
complex  and  the  reduced  permittivities  in  no  way  correspond  to  definite 
crystallographic  directions.  The  fact  that  different  values  of  v  are 
obtained  in  the  rhombic  phase  for  different  crystals  is  attributed  to  the 
substantial  difference  in  their  domain  structures.  In  the  rhombohedral 
phase  the  character  of  the  domain  structure  should  have  no  effect  on  e, 
and  for  this  reason  it  was  long  unclear  why  e  varies  from  crystal  to 
crystal.  Doubts  were  even  expressed  concerning  the  rhombohedral  symmetry 
of  this  phase  [23].  The  investigations  of  Sawaguchi  and  Charters  [24], 
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however,  proved  that  the  scattering  of  permittivity  values  is  a  result  of 
the  effect  of  squeezing  of  domains  [25] . 

In  the  ferroelectric  region,  even  in  a  very  weak  electric  field, 
the  domain  walls  may  be  shifted  somewhat,  and  therefore  polarization  of  the 
crystal  may  change  as  a  result  of  reorientation  of  spontaneous  polarization 
in  some  small  volume.  This  part  of  polarization  is  known  as  orientation 
polarization  (P  ) ,  and  the  orientation  not  related  to  movement  of  the 

domain  walls  and  attributed  only  to  the  processes  of  elastic  electron  and 
ion  displacements,  can  be  called  induced  polarization  (P^).  Thus,  for 

summary  polarization  P  we  have 

P  =  P.  ♦  P  .  (9.20) 

1  or 

Since  usually  e  »  1,  permittivity  may  be  written  in  the  form  of  the 

sum 

e  =  e.  +  e  .  (9.21) 

l  or  v  J 

PQr  can  be  reduced  to  zero  if  a  sufficiently  strong  stationary  field 

is  applied  and  the  crystal  is  made  single-domain.  The  greater  the  summary 
area  of  the  domain  walls,  other  conditions  being  equal,  the  greater  e 

should  be.  Therefore,  for  instance,  one  might  expect  that  in  the  case  of 
polycrystalline  barium  titanate  e  will  comprise  a  very  large  part  of  the 

summary  permittivity. 

Several  facts  indicate  that  this  is  the  case:  1)  dielectric  losses 
in  the  ferroelectric  phase  are  much  greater  than  in  the  paraelcctric  phase; 

2)  when  a  strong  constant  field  is  applied  the  permittivity  and  losses 
drop  sharply;  3)  permittivity  and  losses  diminish  with  time  and  aging 
occurs.  In  order  to  determine  experimentally  e  of  a  polycrystal  the 

orientation  processes  would  have  to  be  excluded  and  measured  rather 

accurately.  This  is  difficult  to  do,  however,  since  in  the  case  of  the 
application  of  a  constant  field  e^  may  also  diminish  as  a  result  of  90“ 

reorientation  of  the  domains  in  the  biasing  field  (see  §2).  It  is  very 
difficult  to  calculate  t.  of  a  polycrystal  with  sufficient  accuracy. 

Marutake  [26],  using  Bruggeman's  equation  [27]  for  the  permittivity 
of  a  polycrystal  consisting  of  piezoelectric  crystallites,  calculated  e 
fcr  ceramic  barium  titanate  according  to  data  for  a  monocrystal.  He 
obtained  e  =  2,500.  This  is  substantially  higher  than  the  values  usually 
obtained  at  room  temperature  (e  =  1,500-2,000).  Therefore  the  calculation 
was  also  done  with  consideration  of  the  piezoelectric  effect,  and  each 
crystallite  was  assumed  to  be  single-domain  and  spherical  [26].  In  this 
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case  the  answer  was  e  =  1,500.  The  assumptions  made  during  the  calculation 
are  so  coarse  that  series  attention  cannot  be  accorded  the  agreement  with 
the  experimental  value. 

Turik  [28],  who  used  a  crystallite  with  a  regular  90°  domain 
structure  and  employed  the  permittivity  tensors  calculated  by  Lezgir.tseva 
[29]  for  a  crystal  with  the  same  domain  structure,  also  calculated  e. 
Generalizing  Odelevskiy's  equation  for  the  permittivity  of  a  double-phase 
heterogeneous  mixture  for  a  multiphase  system  and  assuming  the  distribution 
of  crystallites  with  respect  to  position  in  the  space  of  their  crystalline 
axes  to  be  equally  probable,  Turik  obtained  satisfactory  agreement  between 
the  theoretical  and  experimental  permittivities  for  the  tetragonal  phase. 

Orientation  polarization  was  completely  ignored  in  both  these 
calculations,  although  judging  by  the  reduced  permittivity  as  a  result  of 
aging,  its  contribution  amounts  to  10~2Q».  Analysis  of  the  dependence  of 
the  permittivity  of  polycrystalline  barium  titante  on  the  amplitude  of  a 
variable  field  shows  that  from  100  V/an  and  below  the  permittivity  and 
losses  are  practically  independent  of  field  strength  {51},  This  indicates 
that  certain  reversible  displacements  of  the  domain  walls  take  place.  The 
question  arises  concerning  the  mechanisms  of  vepolarization  in  weak  fields. 
No  definite  answer  has  been  found,  although  there  is  an  opinion  that  move¬ 
ment  of  the  90°  walls  is  the  chief  contributor  [32]. 

Estimates -made  on  the  basis  of  experimental  data  on  the  movement  of 
90°  walls  in  monocrystals  indicated  that  their  reversible  displacements 
may  produce  an  additive  to  permittivity  not  exceeding  200  [33] .  Since  the 
losses  are  governed  chiefly  by  movement  of  the  domain  walls,  the  change  of 
their  mobility  with  temperature  within  the  limits  of  a  single  phase  and 
during  low-temperature  phase  transitions  shou.'d  be  reflected  substantially 
on  the  temperature  curve  of  losses.  Actually,  Bokov  [34]  showed  that,  the 
experimental  temperature  dependences  of  tan  6  of  polycrystalline  barium 
titanate  in  solid  solutions  based  on  it  can  be  explained  qualitatively 
proceeding  from  the  temperature  dependence  of  domain  wall  mobility.  On 
transition  from  the  paraelectric  phase  to  the  ferroelectric  phase  tan  6 
increases  sharply  due  to  the  appearance  of  PQr  and  great  losses  associated 

with  it.  As  the  temperature  falls  the  part  of  the  volume  of  the  crystal  in 
which  the  direction  of  spontaneous  polarization  changes  diminishes  and 
tan  5  decreases. 

On  transition  from  the  tetragonal  phase  to  rhombic  and  from  rhombic 
to  rhorabohedrsl  domain  wall  mobility  increases  {this  is  valid  not  only  for 
monocrystals,  but  also  for  ceramics  [35-38]),  a.id  consequently  PQr 

increases.  The  increase  of  PQr  leads  to  a  sharp  increase  ir.  tan  5,  which 

then  decreases  as  the  temperature  drops  and  as  decreases.  Thu*;,  tan  6 

passes  through  maxima  in  all  phase  transitions  (Figure  9.6).  In  the 
rhombonedral  phase,  as  a  rule,  tan  o  has  a  broad  maximum,  which  is  dis¬ 
placed  toward  high  temperatures  when  the  frequency  is  increased  [39] . 

There  is  no  doubt  that  this  maximum  is  also  attributable  to  orientation 
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polarization.  As  a  result  of  the  larger  share  of  orientation  polarization 
during  transition  from  the  tetragonal  phase  to  rhombic  and  from  rhombic  to 
rhombohedral ,  nine  of  the  sudden  changes  in  permittivity  that  might  be 
expected  judging  by  the  behavior  of  the  permittivity  of  the  raonocrystal 
(Figure  9.5)  occur  in  ceramics  during  these  transitions.  The  application  of 
a  strong  stationary  field  considerably  reduces  losses,  and  there  are  no 
anomalies  in  tan  6  during  the  phase  transitions  (Figure  9.6).  In  the 
rhombohedral  phase,  of  course,  losses  remain  high,  and  this  apparently 
indicates  that  in  this  case  too  there  are  some  oscillations  of  the  domain 
walls. 

It  should  be  pointed  out  that  polycrystalline  barium  titanate  with 
granularity  less  than  1  micron  displays  an  exceptionally  high  permittivity 
of  3,000-3,590  [40-43].  Two  explanations  have  been  offered  for  such  high 
values  of  e.  The  authors  proceed  from  the  fact  that  at  such  small 
crystallite  dimensions  each  of  them  should  be  single-domain.  The  first 
explanation,  advanced  by  Kniekamp  and  Heywang  [40-42],  and  later  examined 
in  greater  detail  by  Goswami  et  al  [44],  is  based  on  the  fact  that  due  to 
the  absence  of  domain  structure  a  depolarizing  field  acts  on  the 
crystallites,  diminishing  the  effect  of  saturation,  which  leads  to  higher 
permittivity. 


Figure  9.6.  jemperature  deoenvience  o*  nermittivlty  and  tan  6 
of  solid  solution  of  BaTi^  O;.Zr0  Q_0„  in  variable  and  sta¬ 
tionary  fields  of  different  strengths.  Frequency  1  kHz. 

(Sokov  [39]).  I  •-  f.  for  E~  -  3  V/cm,  Eo  =  0;  2  --  tan  6 

for  E.  s  3  V/cm,  E_  ^  0;  3  —  £  for  E-  “S24  v/cm,  E_  =  0, 

4  —  tan  6  for  £~  =  24  V/cm,  E_  =  0;  5  --  c  for  E-  «  24 

V/cm,  E_  =  IS  KV/cm;  6  --  tan  o  for  E-  =  24  V/cm,  E_  = 

=  is  kv/cm. 

The  most  serious  objection  against  such  interpretation  is:  why  is 
the  depolarizing  field  not.  compensated  by  free  charges  tha?  can  migrate  to 
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boundaries  of  the  crystallites  due  to  the  electrical  conductivity  of  the 
matter  itself?  In  the  second  explanation,  advanced  by  Buessem  et  al  [45], 
it  is  assumed  that  because  of  the  absence  of  90°  domain  walls  in  the 
tetragonal  phase  strong  mechanical  stresses  from  the  environment  act  on 
each  crystallite:  compressive  stresses  on  the  c  axis  and  tensile  stresses 
on  the  a  axis.  According  to  thermodynamic  theory,  such  stresses  lead  to 
an  increase  in  permittivity. 

The  contribution  of  orientation  polarization  to  permittivity  and 
losses  can  also  be  substantial  in  the  case  of  trigiycine  sulfate  mono- 
crystals  [46].  Fcusek  and  Janousek  [471  analyzed  the  dependence  of  e  and 
losses  on  the  summary  polarization  of  a  -ystal,  which  changed  by  degrees 
from  +P  to  -P  .  The  permittivity  and  losses  were  maximum  in  the  region 
P  =  0,  where  one  might  expect  maximum  summary  area  of  domain  walls.  The 
value  of  eQr  here  is  extremely  high,  amounting  to  70-80  at.  a  frequency  of 

1  kHz.  Hence  the  great  scattering  of  the  values  of  e  obtained  by  various 
researchers  [7,  48,  49]  is  understandable.  eQr  and  losses  in  triglycine 

sulfate  depend  strongly  on  frequency.  Here  theie  are  two  regions  of  dis¬ 
persion:  one  up  to  ~l(r  Hz  and  the  other  at  approximately  10®  Hz.  Tt  is 


approximately 


as.umed  that  the  high-frequency  component  of  eQr  is  related  to  vibration 

of  the  domain  walls  attached  to  defects,  and  the  low-frequency  component  is 
attributed  to  vibrations  of  the  walls  that  continually  migrato  during  the 
aging  process,  and  di,  inishes  with  the  passing  of  time.  zqt  of  triglycine 

sulfate  varies  with  temperature.  It  is  noteworthy  here  that  ar  -80°C 
there  is  a  maximum,  the  position  of  which  depends  on  frequency  [SO). 

Bomarel  et  a l  [51]  noted  the  important  contribution  of  orientation 
processes  to  the  permittivity  and  losses  of  KH^PO^  cr>'stals' 

§2.  Nonlinear  Properties  in  Paraelectric  Region 


Polarization  of  ferroelectrics  in  a  weak  electric  field  was  exanined 
in  the  preceding  section.  Ke  will  now  examine  the  effect  of  strong  electric 
fields  on  the  polarization  of  ferroelectrics.  The  dependence  of  the 
polarization  of  all  dielectric  materials  on  the  field  is,  generally 
speaking,  nonlinear  and  can  be  written  in  the  form  of  an  expansion  in  terms 
of  the  powers  of  F..  If  the  field  is  applied  in  the  direction  of  the 
principal  axis,  so  that  polarization  is  parallel  to  the  field,  then  for 
centrcsyrranetric  crystals 


►  .  -  - 


(9.22) 


and  for  non-centrosymmetric 


(9.23) 


Hence,  for  permittivity  we  have,  respectively: 


.1+4*  («  +  24g +  &£*  +  ...). 


(9.24a) 

(9.24b) 


The  nonlinearity  of  the  dependence  of  polarization  on  field  strength 
of  practically  all  dielectric  materials  is  impossible  to  detect  all  the  way 
up  to  break-through  fields,  but  the  fa>:t  that  it  does  exist  is  shown  by  the 
electro-optic  effect.  Most  ferroelectrics  have  high  permittivity.  Conse¬ 
quently,  roughly  speaking,  ions  in  the  crystal  lattice  are  displaced  under 
the  influence  of  the  electric  fielc.  for  such  comparatively  great  distances 
that  the  noftlinear  dependence  of  displacement  and  consequently  of  polariza¬ 
tion  on  electric  field  strength,  becomes  substantial.  We  are  speaking  here, 
of  course,  of  induced  polarization,  not  involving  displacement  of  domain 
walls. 

We  will  examine  the  nonlinear  properties  of  ferroelectric  materials  in 
the  paraelectric  and  ferroelectric  phases  individually. 

In  the  paraelectric  phase  t.ha  relation  between  polarization  and 
field  strength  is  expressed  by  formula  (3.20),  whence  coefficient  8  in  the 
expansion  of  thermodynamic  potential  (3.7)  can  be  determined  on  the  basis 
of  experimental  data.  8  should  be  positive  for  second  order  phase  transi¬ 
tions  and  negative  for  first  order  phase  transitions. 

Joseph  and  Silverman  [52] ,  proceeding  from  the  Born-Karman  dynamic 
theory  of  the  crystal  lattice,  theoretically  analyzed  problems  of  non¬ 
linearity  in  the  paraelectric  region  and  derived  the  relations  between  the 
field  and  polarization,  analogous  to  (3.8a).  As  demonstrated,  with 
consideration  of  only  the  first  two  terms  in  (3,7)  the  dependences  of  iso¬ 
thermic  and  adiabatic  susceptibilities  on  polarization  are  determined  by 
relations  (9.11)  and  (9.12),  respectively.  The  experimental  determination 
of  these  dependences  makes  it  possible  to  determine  coefficient  8.  It 
should  be  pointed  out  that  equations  (9.11),  (9.12)  and  (9.13)  are  valid 
for  differential  dielectric  susceptibility  and  permittivity.  In  the  para- 
electric  region.,  in  the  frequency  range  where  is  no  dispersion,  differential 
dielectric  permittivity  coincides  with  the  reverse  dielectric  permittivity, 
i.a.,  with  the  permittivity  measured  in  a  weak  high-frequency  field  with 
the  simultaneous  application  of  a  strong  constant  field  to  the  specimen, 
usually  called  the  biasing  field. 

The  reverse  permittivity  can  be  measured  both  under  static  conditio- s, 
when  the  biasing  field  is  constant,  and  under  dynamic  conditions,  when  the 
biasing  field  is  variable,  but  its;  frequency  is  much  lower  than  that  on 
which  the  measurements  are  made.  The  procedure  for  measuring  the  reverse 
permittivity  under  dynamic  conditions  was  developed  by  Drougard,  et  al  [53], 
and  also  by  Kaczmarek  [54].  Since  the  adiabatic  permittivity  is  measured 
and  the  polarization  created  by  the  biasing  field  is  substantial,  it  is 
necessary  in  the  general  case  to  consider  the  correction  for  adiabaticity 
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and  e  is  given  by  expression  (9,13).  The  first  term  in  the  parentheses 
gives  the  saturation  effect  and  the  second  the  adiabatic  correction.  In 
the  case  of  barium  titanate  the  latter  is  insignificant  [53],  and  therefore 
(9.13)  can  be  rewritten  in  the  form 


1  1  ?£». 

*«!;)  «(0j— ST*** 


(9.25) 


Thus  the  difference  between  the  reverse  susceptibilities  is  a  linear 

function  of  P^,  and  the  angular  coefficient  is  determined  only  by  8,  which 
is  a  simple  method  for  determining  it.  Expression  (9.25)  can  be  reduced 
to  another  form,  in  which  the  dependence  of  the  difference  of  permittivities 
on  biasing  field  strength  is  given  in  explicit  form.  If  the  biasing  field 
is  not  very  strong  we  may  assume  P  =  and  by  substituting  this  expression 
for  polarization  into  (9.25)  we  readily  obtain: 


62  ft  (0)1*  _ 


(9.26) 


Analyses  of  this  type  of  dependences  for  triglycine  sulfate  were  done 
in  the  dynamic  state  by  Triebwasser  f4],  The  experimental  values  of  the 
difference  between  the  reverse  susceptibilities  as  a  function  of  p2  lie 
approximately  on  a  straight  line,  the  slope  of  which  yields  8  =  4.6‘10"50 
(el.  stat.  un./cm2)-2,  When  ihe  adiabatic  correction,  which  is  large  for 
triglycine  sulfate,  is  taken  into  account,  $  =  3.8*10"10  (el.  stat.  un./ 
/cm2)-2.  The  latter  value  agrees  satisfactorily  with  the  value  found  from 
the  temperature  dependence  of  spontaneous  polarization  (see  si,  Chapter  8). 
Chapelie  and  Taurel  [55J ,  who  discovered  some  change  of  8  with  temperature, 
measured  the  dependence  of  permittivity  of  triglycine  sulfate  on  polariza¬ 
tion  under  static  conditions.  When  polarization  inzreases,  i.e.,  when 
biasing  field  strength  increases,  permittivity  of  triglycine  sulfate 
decreases,  which  corresponds  to  8  >  0,  as  should  be  expected  for  the  second 

,  e(7T 

order  phase  transition.  The  theoretical  dependences  of  -jfTy  nr?  shown  in 

Figure  9.7  for  three  tcmpeiatures.  '  ' 


tin 

1(0) 


Figure  9.7.  Theoretical  dependences 
(F.) 


of  ratio 


(fi) 


for  triglycine  sulfate 


crystal  (continuous  curves)  and 

barium  titanate  crystal  (broken 

curves)  on  biasing  field  strength. 

(According  to  Triebwasser  [4]). 

1  —  T  =  T  ;  2  --  T  -  T  =  5°C; 
c  c 

3  --  T  -  T  ■>  18°C ;  4  —  T  -  6  ■ 
c 

=  v°c;  5  --  T  -  9  =  1°C;  6  -• 

T  -  6  =  0.5°C. 
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Somewhat  different  investigations  were  undertaken  by  Baumgartner 
[1]  on  potassium  dihydrophosphate  crystals.  First  the  dependence  of 
permittivity  on  field  strength  under  static  conditions  was  found.  These 
measurements  yielded  the  adiabatic  permittivity.  Secondly,  using  a 
ballistic  galvanometer,  the  dependence  of  polarization  on  field  strength 
was  obtained,  differentiation  of  which  makes  it  possible  to  determine  iso¬ 
thermic  permittivity.  In  the  case  of  adiabatic  permittivity  the  dependence 
on  polarization  is  determined  both  by  the  saturation  effect  [first  term  in 
the  parentheses  in  (9.13)],  and  by  the  adiabatic  correction  [second  term 
in  the  parentheses  in  (9.13)].  Knowledge  of  both  permittivities  makes  it 
possible  to  estip-ate  both  corrections,  it  seems  that  the  adiabatic 
correction  prevails  first  to  a  polarization  of  2*10"6C/cm2,  but  then  the 
correction  for  saturation  becomes  greater  and  increases  rapidly  with 
poiari  zst ion . 

After  application  of  the  biasing  field  in  the  case  of  the  second 
order  phase  transition  the  temperature  dependence  of  polarization  in  the 
general  case  has  the  form  illustrated  in  Figure  3.10a.  The  dependence  of 
permittivity  on  temperature,  as  before,  has  a  maximum,  but  as  field  strength 
increases  it  is  displaced  toward  higher  temperatures,  and  its  magnitude 
diminishes. 

The  first  order  phase  transition  takes  place  in  barium  titanate. 
Consequently  6  <  0  and  as  the  biasing  field  strengthens  permittivity  should 
increase.  The  theoretical  curves  are  illustrated  in  Figure  9.7.  [he 
investigations  of  Drougard,  et  al  [53],  and  also  of  Kaczmarek  and  Pietrzak 
[54]  of  barium  titanate  monocrystals  in  the  dynamic  state  showed  that  in 
accordance  with  theory  the  experimental  values  of  8  are  less  than  0. 
Immediately  below  the  Curie  point,  according  to  data  [53],  g  =  -0.5*1(T12 
(el.  stat.  un./cra2) '2  and  at  144°C  3  =  -0.3*10"12  (el.  stat.  un./cm2)"2, 
and  according  to  data  [54],  at  7 44°C  6  =  -0.37*10"1:'  (el.  stat.  un./cm1)"2. 
The  temperature  dependence  of  8  was  investigated  in  both  works.  Drougard, 
et  al  [53]  did  their  investigation  in  the  120-J50°C  temperature  range  and 
found  that  3  diminishes  linearly  as  temperature  increases.  F.xtrapolation 
of  this  dependence  to  temperatures  above  ISO^C  shows  that  ?  passes  through 
zero  at  175dC.  According  tc  the  data  of  Kac;m..rek  and  Pietrzak  [53],  the 
temperature  dependence  of  8  is  substantially  nonlinear,  and  from  exttapola- 
tion  of  this  dependence  it  can  be  expected  that  ?  vanishes  in  the  !S0°C 
region. 

Tricbwasser  [56]  analyzed  the  effect  of  the  electric  field  or.  the 
permittivity  of  barium  titanate  monocrystals  in  the  paraelcctri c  region 
under  static  conditions.  The  results  of  these  measurements  are  given  in 
Figure  9.S,  where  the  broken  curves  show  the  theoretical  dependence  derived 
from  thermodynamic  theory.  The  theory  and  experiment  coincide  only  in  a 
comparatively  narrow  interval  of  fields.  Tricbwasscr  attributes  this 
discrepancy  to  the  formation  of  ncar-electrodc  layers  of  a  space  charge 
under  the  influence  of  a  constant  field,  leading  to  reduced  apparent 
permittivity.  This  explanation  is  confirmed  by  the  fact  ?hat  at  the 
initial  moment  after  application  of  a  constant  electric  field  permittivity 
increases  to  the  value  predicted  by  theory,  but  as  time  goes  by  it 


diminishes.  At  the  same  time  the  electric  field  strength  within  the 
crystal  diminishes,  as  can  be  judged  by  observing  the  electro-optic  effect. 

It  is  assumed  that  the  permittivity  of  the  surface  layers  is  less  than 
that  of  the  mass.  The  crystal  represents  a  triple-layer  dielectric 
material,  and  its  apparent  permittivity  is  determined  by  the  permittivities 
of  all  three  layers.  The  thickness  of  the  surface  layer  depends  on  the 
voltage  applied,  and  therefore  the  apparent  permittivity  is  a  function  of 
voltage. 

Investigations  of  poly- 
crystalline  barium  titanate,  both 
under  static  [54,  57,  58]  and  under 
dynamic  [54]  conditions,  revealed 
that  the  biasing  field  reduces 
permittivity  in  both  cases,  i.e., 

6  >  0.  Kirillov  and  Isupov  [58] 
offer  a  possible  explanation  for 
this.  It  is  based  on  the  assumption 
that  the  space  charged  layer  is 
formed  not  only  on  the  electric, 
but  also  on  the  boundary  of  the 
crystallites  comprising  the  poly¬ 
crystalline  specimen.  When  the 
ferroelectric  phase  transition  is 
a  first  order  phase  transition, 
according  to  thermodynamic  theory, 
the  dependence  of  polarization  on 
field  strength  in  the  region  of  the 
Curie  point  has  the  form  illustrated  in  Figure  13.1.  To  the  paraelectric 
phase  correspond  the  curves  with  t  >  1.  In  the  case  when  dP/dt  <  0  the 
crystal  will  be  in  an  unstable  state,  and  therefore  there  will  an  abrupt 
transition  to  a  new  state. 

Proceeding  from  the  null  field  toward  increasing  values,  then  at 
some  fiel<<  strength  polarization  increases  abruptly,  which  corresponds  to 
induced  transition  to- the  ferroelectric  state.  In  the  reverse  direction 
the  transition  is  back  to  the  parade,  trie  state.  The  so-called  double 
hysteresis  loops  will  occur  in  a  variable  field.  The  problem  of  induced 
phase  transition  is  examined  in  greater  detail  in  Chanter  15.  Here  we  will 
point,  out  simply  that  as  shown  by  the  curves  in  Figure  13.2,  the  increase 
of  nclarization  slows  down  in  the  ferroelectric  state  as  the  field  increases, 
i.e.,  permittivity  decreases.  To  this  region  of  fields  correspond  the 
extreme  left  and  right  sections  of  the  broken  curve  in  Figure  9.8. 

§3.  Reverse  Permittivity  in  the  Ferroelectric  Region 

Tha  dependence  of  polarization  on  electric  field  strength  in  the 
ferroelectric  ~egion  is  determinvu  principally  by  repolarization  processes. 
The  anlincar  electric  properties  of  verroelecti ic  materials  attributed  to 
repolarization  are  discussed  in  Chapter  8.  Kc  wdl  discuss  here  the 
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Figure  9.8.  Dependence  of  per¬ 
mittivity  of  barium  titanate  mono¬ 
crystal  on  biasing  field  strength 
at  temperature  10°  higher  than 
Curie  point.  Brpken  curves  shew 
theoretical  dependence.  (Accord¬ 
ing  to  Triebwasser  [56]). 
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dependence  of  reverse  permittivity,  i.e.,  of  dielectric  permittivity, 
measured  in  a  weak  variable  field,  on  the  strength  of  a  biasing  el  ;ctric 
field. 


A  phenomenological  analysis  of  the  dependence  of  p.  larization  of  a 
single-domain  crystal  on  the  strength  of  an  electric  field  applied  along 
the  polar  axis  was  done  in  the  works  of  Lyagin  and  Geyvashovich  [59], 
Bogdanov  [60],  Pasynkov  [61].  By  virtue  of  spontaneous  polarization  the 
result  of  t' e  electric  field  will  differ  in  toe  direction  of  spontaneous 
polarization  and  against  it.  Therefore  it  is  necessary  to  consider  in  the 
expansion  of  polarization  in  terms  of  the  powers  of  electric  field  strength, 
terms  with  even  powers  of  F..  The  expansion  has  the  form: 

P™P,  +  aE  +  tEi-r'E*  +  ...  (9.27) 


and  equation  (9.24b)  is  valid  for  the  differential  permittivity  along  the 
polar  axis. 

We  will  note  that  in  (9.27)  |bF2|  »  ( cE 3 1  in  to lev  .ble  fields.  The 
expressions  for  b  through  the  coefficients  of  expansion  (5.7)  and  Pg  were 

found  in  [59].  b  <  0,  and  therefore  if  field  strength  coincides  with  the 
direction  of  spontaneous  polarization,  permittivity  diminishes  as  field 
strength  increases,  but  increases  when  the  field  is  in  the  opposite  direc¬ 
tion.  The  reverse  and  differential  permittivities  coincide  for  a  single¬ 
domain  crystal  at  moderate  frequencies  (if,  of  course,  the  amplitude  of 
the  variable  field  is  low).  Therefore  (9.24b)  can  be  regarded  also  as 
the  expression  for  reverse  permittivity,  in  which  R  is  biasing  field 
strength.  If  the  crystal  is  not  single-domain,  then  the  situation  is  more 
complex. 

In  the  case  of  triglycine  sulfate,  as  mentioned  in  §1,  permittivity 
in  a  weak  field,  according  to  Fousck  and  Janousek  [47],  depends  substantial  1 
on  the  summary  area  of  domain  walls.  The  application  of  a  biasing  field 
causes  the  domain  structure  to  change,  and  therefore  influences  the  orienta¬ 
tion  part  of  permittivity.  The  curve  of  the  dependence  of  permittivity  on 
biasing  field  strength  is  obviously  governed  by  the  initial  state  of  the 
crystal.  In  3  rather  strong  field,  when  the  crystal  becomes  practically 
single-domain,  reverse  permittivity  will  equal  differential  permittivity, 
corresponding  to  the  slope  of  the  saturation  branch. 

In  the  case  of  the  c-domain  barium  titanate  crystal  the  presence  of 
180s  domains,  as  demonstrated  by  Drougard  and  Young  [22],  leads  to  a 
reduction  of  permittivity  on  the  polar  axis  by  the  virtue  of  the  ’'clamping” 
effect  (sec  il).  The  dependences  of  reverse  permittivity  on  field  strength 
in  the  quasistatic  regime  (the  complete  cycle  of  change  of  the  field  takes 
5  hours)  are  shown  in  Figure  9.9.  By  tracing  the  curve  of  change  of 
permittivity  we  see  that  c.  decreases  substantially  when  field  strength  is 

in  the  coercive  region,  and  when  many  ant i para  1 1  cl  domains  are  formed.  The 


dependence  of  reverse  permittivity  on  the  biasing  field  for  polycrystalline 
barium  titanate  is  illustrated  in  Figure  8.14  (curve  1).  The  drop  of 
permittivity  in  this  case  is  a  result  of  reduction  both  of  the  orientation 
and  induction  components  of  polarization. 

Orientation  polarization  may  decrease  by  virtue  of  considerable 
reduction  of  the  summary  area  of  domain  walls,  chiefly  the  180°  walls,  and 
"clamping"  of  the  remaining  walls. 


As  regards  induced  polarization,  its  change  may  be  related  to  the 
fact  that  processes  of  SO’  repolarization  take  place  in  the  biasing  field. 

In  this  case,  because  e.  <  e  ,  permittivity  measured  in  the  same  direction 

in  which  the  biasing  field  (£|j)  is  applied,  will  be  less  than  the 

permittivity  measured  ir.  the  perpendicular  direction  (e | ) .  This  effect 

could  be  detected  experimentally  on  the  basis  of  the  anisotropy  of  e.  It 
is  simply  impossible  to  make  measurements  in  crossed  fields.  Therefore  the 
anisotropy  of  polarized  ceramics  was  analyzed  [62-66] .  The  difference 
between  Cj j  and  is  small,  amounting  only  to  a  few  percent. 

tr  This  result  agrees  with  the 

data  of  [67,  68],  in  which  it  was 
established  that  the  fraction  of  90° 
reorientations  is  small  and  decreases 
considerably  after  the  field  is 
removed.  Although  all  these  investi¬ 
gations  do  not  afford  a  direct  answer 
to  the  question  concerning  the 
importance  of  90°  repolarization  in 
the  reduction  of  reverse  permittivity, 
they  nevertheless  show  that  it  does 
not  have  a  great  effect.  This  is 
also  verified  by  the  fact  that 
according  to  Poplavko:s  data  [69] : 
the  permittivity  of  ceramics  is 
practically  independent  of  the  biasing 
field  at  frequencies  of  1010  Hz,  when 
the  orientation  part  of  polarization 
is  absent. 


Figure  9.9,  Dependence  of  reverse 
permittivity  (ec)  of  barium 

titanate  monocrystal  on  biasing 
field  strength.  The  sequence  is 
ABCDEBFC.  The  complete  cycle  of 
change  takes  3  hours.  (According 
to  Drougard  and  Young  [22]). 


The  effect  of  the  biasing  field  which  wc  have  examined  on  permittivity 
in  the  ferroelectric  range  pei tains  to  the  case  when  a  constant  or  very 
slowly  variable  field  is  applied  (for  instance,  one  cycle  in  3  hours,  as 
in  [22]).  It  is  noteworthy  that  during  change  of  the  biasing  field  by 
stages  the  measurements  arc  m  ule  each  time  beginning  at  some  specific  time, 
so  as  to  avoid  nonstationary  phenomena,  which  we  will  examine  later. 

Drougard,  et  al  [70]  detected  on  barium  titanate  crystals  a  sharp 
increase  in  permittivity  and  losses  during  the  time  of  the  repolarization 
process.  This  phenomenon  was  later  analyzed  by  Prutton  [71],  Husimi  [72], 


Fatuzzo  [73,  74],  Fouskova  and  Janousek  [75,  7*  78-80],  Stadler,  et  al 

[77] .  The  investigations  were  conducted  on  me  crystals  of  barium  titanate 
[70,  72,  74,  76,  78],  triglycine  sulfate  [73-76,  79],  Seignette!s  salt 
[80];  guanidine  aluminum  sulfate  [71],  lithium  selenate  [73],  triglycine 
fluorberyllate  [79].  The  measurements  were  conducted  in  a  weak  alternating 
field  at  frequencies  of  10s  Hz  and  above.  The  repolarizing  field  was 
applied  either  as  a  low-frequency  sinusoidal  field  or  as  rectangular 
bipolar  pulses. 

The  dependence  of  increments  of  permittivity  and  conductivity  on 
time  (starting  at  the  front  of  the  repolarizing  pulse)  is  illustrated  in 

Figure  9.10  for  the  barium  titanate 
e  crystal.  Here  we  see  that  per- 

f\  ‘  mittivity  is  ambiguously  related  to 

a .  I  \  Li  the  repblarization  current  and  has 

\  a  strong  frequency  dependence. 

•.  «■  /  / \lf  MHz  *•  According  to  Fatuzzo's  data  [74], 

?  I  I  X  \  triglycine  sulfate  and  barium 

H  fi .  I  ]/*>\  \  \  titanate  have  two  regions  of  relaxa- 

J  tion  dispersion:  low-frequency  and 

j  *  high-frequency.  For  barium  titanate 

one  relaxation  frequency  is  29  kHz 
L  and  the  other  lies  above  2*109  Hz. 

6  25  *t  use  W  t*'e  c3se  trigl7cine  sulfate, 

*  in  contrast  to  barium  titanate,  the 

"  experimental  data  for  low-frequency 

-  {  \  relaxation  indicate  that  there  is  a 

'3  tf  \\  ■  -  set  relaxation  times.  The  cencer 

Ji  '*  of  their  distribution  corresponds  to 

•  to  i  6.8  kHz.  The  high-frequency  disper- 

i  sion  region  is  located  at  a  frequency 

*"*  /  °f  •  It  is  noteworthy  that 

.  ,  for  the  given  i  the  maximum 

9  15  50  7J  <00  ,  .  .  P  .  ... 

t  psec  relative  increase  m  permittivity  is 

o  in  tL«  independent  of  temperature  [77]. 


Figure  9.10.  Time  dependence 

(Fcuskoya  and  Janousek  [76]).  ^  reasons  for  the  increase 

a  -  polarization  current  ip  in  permittivity  during  repolarization 

and  current  of  change  of  per-  are  discussed  in  a  number  of  works, 

mittivity  (Ac) ;  b  --  change  of  Assuming  that  the  high-frequency 

equivalent  parallel  conductivity  electric  field  has  an  effect  on  the 

(Aa)  during  repolarization  of  number  of  nuclei  and  new  domains 

barium  titanate  reonocrystal  by  formed,  then,  as  demonstrated  by 

rectangular  pulses  E  =  784  W/cm.  landauer  3nd  coworkcrs  [8J],  this 

model  leads  to  an  inductive  rather 

than  capacitive  character  of  resistance  of  the  specimen.  Allowance  for  the 
effect  of  the  alternating  field  on  the  formation  of  nuclei,  adjacent  to 
existing  domain  walls,  according  to  Fouskova's  calculations  [S2] ,  yields 
qualitative  agreement  between  the  theoretical  and  experimental  time 
dependences  of  the  changes  of  permittivity  and  conductivity.  The  effect, 


and  current  of  change  of  per¬ 
mittivity  (Ac);  b  --  change  of 
equivalent  parallel  conductivity 
(Aa)  during  repolarization  of 
barium  titanate  reonocrystal  by 
rectangular  pulses  E  =  784  W/cre. 
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however,  of  a  variable  field  on  the  development  of  isolated  nuclei  leads 
to  time  dependences  absolutely  different  from  the  experimental.  This 
indicates,  in  accordance  with  [81],  that  these  processes  are  of  minor 
importance.  In  Fatuzzo's  interpretation  [73,  74],  the  increase  in  the 
combined  permittivity  is  attributed  to  strongly  damped  oscillations  in  the 
high-frequency  field  of  traveling  dorr?in  walls  of  the  growing  180°  domains. 
Here  low-frequency  dispersion  is  related  to  vibrations  of  the  leading  front 
of  the  acicular  domain,  and  high-frequency  dispersion  to  vibrations  of  its 
side  walls. 

Permittivity,  after  passage  of  the  sharp  maximum  at  the  moment  of 
repolarization,  if'  the  latter  is  not  complete,  remains  for  a  long  time 
above  its  initial  value,  gradually  approaching  it.  If  constant  voltage  is 
changed  step-by-step,  even  in  small  steps,  permittivity  increases  with  each 
abrupt  increase  of  the  field  and  then,  over  a  period  of  tens  of  minutes, 
gradually  drops.  It  is  noteworthy  that  a  burst  of  permittivity  is  observed 
both  during  a  sharp  increase  and  reduction  cf  the  field.  Ibis  phenomenon 
was  investigated  experimentally  on  pelycrystals  by  Piekara  and  Pajak  [S3], 
Lur'ye  [84],  Koch  [85],  and  on  barium  titanate  monoTystals  by  Borodin  [86]. 
The  higher  the  rate  of  change  of  the  field,  the  greater  the  increase  in 
permittivity  [86,  87].  For  barium  titanate  monocrystals  when  the  biasing 
field  is  changed  in  the  frequency  range  of  0. 5-0.1  Hz,  transition  occurs 
from  an  increase  of  peimittivity  during  repolarization  to  a  reduction,  when 
the  effect  of  piezoelectric  clamping  is  manifested  [86].  The  prolonged 
retention  of  high  permittivity  after  partial  ropolarization  is  related  to 
the  fact  that  domain  boundaries  removed  from  the  positions  in  which  they 
had  minimal  energy  and  were  clamped  to  some  extent,  can  now  vibrate  in  the 
weak  field,  thereby  leading  to  an  increase  in  the  orientation  component  of 
permittivity.  As  time  passes  the  migrating  domain  vails  "find"  new  loca¬ 
tions,  in  which  they  have  rather  low  energy,  where  they  arc  also  clamped. 

The  fields  of  space  charges  perhaps  play  an  important  part  in  stabilization 
cf  the  domain  walls.  At  a  low  late  of  change  of  the  biasing  field  these 
charges  move  together  with  the  wall,  continuously  stabilizing  its  position. 
When  the  rate  of  change  of  the  biasing  field  is  great,  the  charges  cannot 
follow  tho  wall,  and  its  mobility  in  the  high-frequency  field  and  its 
contribution  to  permittivity  are  thereby  increased  [86], 

£4.  Dispersion  of  Permittivity 

The  dispersion  dependences  of  the  permittivity  of  ferroelcctrics  of 
the  "bias"  and  "order- disorder"  types  differ  substantially.  Of  the  first 
type  of  ferroelcctrics ,  we  will  examine  here  the  properties  of  practically 
the  only  well  investigated  representative  --  barium  titanate. 

In  the  investigations  of  Benedict  and  Durand  [88]  (2.4‘JO50  Hz’) , 
Nakamura  and  Furuichi  [89]  (3.3* iO9  Hz'),  Stern  and  hurio  [90]  (up  to 
2*10"  ilz) ,  Ballantyne  [91]  (2. 4*10'®  Hz),  dispersion  was  not  observed  in 
barium  titanate  raonocrystals  in  the  paraclectric  region.  Ballantyne  [91] 
analyzed  the  reflection  spectra  in  a  wide  range  of  wavelengths  and  used 
them  to  calculate  the  frequency  dependence  of  permittivity  (Figure  9,11). 


On  the  basis  of  these  data,  dispersion  begins  only  at  1.5*1 0^ 5  Hz  (5  cm-1) 
and  the  frequency  of  the  "soft,:  mode,  responsible  for  the  high  values  of 
permittivity,  lies  in  the  6-17,  ccT1  range  (the  spectrum  is  discussed  in 
greater  detail  in  Chapter  14). 

The  investigations  of  Schmitt  [92],  Po^layko  [93),  Nekrasov,  et  al 
(94 ]  of  pclycrystalline  barium  titanate  showed  that  there  is  no  dispersion 
in  the  paraslectric  fhase.  at  least  up  to  2* 1C1 4  Hz.  There  is  a  notable 
reduction  of  z,  according  to  the  data  of  Poplsvko,  et  al  [95],  starting  at 
S*1015  Hz.  In  this  frequency  region,  naturally,  where  there  is  no  disper¬ 
sion,  even  nonlinear  properties  are  retained.  Losses  increase  in  the  para- 
electric  phase  with  increasing  frequency  by  measure  of  approach  to  the 
dispersion  region.  As  regards  the  temperature  dependence  of  losses,  at 
frequencies  above  10®  Hz  it  is  quite  strong.  At  the  Curl''  point  tan  6 
passes  through  a  maximum  and  drops  sharply  on  transition  to  the  ferro¬ 
electric  phase  [90] .  The  curve  of  losses  is  determined  by  the  temperature 
dependence  of  the  frequency  of  the  low-frequency  mode  of  vibrations  of  the 
crystal  lattice.  The  frequency  and  temperature  dependences  of  dielectric 
losses  were  analyzed  most  thoroughly  on  SrTiO-  in  the  works  of  Ruppreeht 

abd  Sell  [96,  97]  and  Barker  and  rinVham  [98],  According  to  [97],  for 
SrTiOj 
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where  a  is  determined  by  crystal  defectiveness  and  R  ard  y  by  the  anharmo- 
nicity  of  vibrations  of  the  crystal  lattice.  All  three-  parameters  are 
functions  of  frequency.  Tb.s  temperature  dependence  of  losses  is 
satisfactorily  described  from  the  viewpoint  of  dynamic  theory  [99]. 

Barium  titanate  is  a  piezoelectric  material  in  the  ferroele  -ic 
phase.  Therefore  strong  dispersion  of  permittivity  occurs  in  the  quenev 
range  of  resonance  mechanical  vibrations  of  the  crystal  and  at  higher 
frequencies  clamped  permittivity  is  measured.  The  investigations  of 
Benedict  and  Durand  [88]  and  oallantyne  [91]  of  single-domain  crystals 
showed  that  e,  on  3  frequency  of  2.4*10‘6  Hz  is  approximately  one-half  its 

value  cn  lew  frequencies,  but  dielectric  dispersion  is  still  not  observed. 
The  results  of  these  measurements  are  presented  in  Figure  9.12.  According 
to  Ballantyne’s  data  [91],  notable  dispersion  begins  only  at  frequencies 
of  1015  Hz,  i.e.,  of  the  same  order  as  in  the  paraelectric  region.  These 
frequency  dependences  of  and  are  presented  ir.  rigure  9.13.  at 

high  frequencies  was  analyzed  by  Turik  and  Chernyshev  flGOl,  who  obtained 
-  60-30  at  3»10s  Hz,  i.e.,  close  to  the  clamped  permittivity. 

Historically  the  first  investigations  of  barium  titanate  at  high 
frequences  were  conducted  on  polycrystalline  specimens.  In  the  works  of 
Vul  [101],  Novosil’tsev  and  Khodakov  [102],  measurements  were  made  up  to 
108  Hz  and  notable  dispersion  was  not  detected.  Mash  [103]  observed  some 
reduction  of  permittivity  at  a  frequency  of  1.27-109  Hz.  Later  on  Powles 
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Figure  9,11.  Frequency  dependence  of  real  (£')  and 
imaginary  (e")  components  of  permittivity  of  barium 
titanate  monocrystal  in  paraelectric  region,  c'  and 
e"  were  computed  by  the  Kramers -Kroer.ig  method  from 
data  on  inflection  spectiun,  (According  to  Ballantyne 
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Figure  9.12.  Temper aturo  dependence 


of  real  (e1)  and  imaginary  fe") 
s  s 


components  of  permittivity  of  single¬ 
domain  barium  titanate  monocrysta1 
at  2.4M010  He.  The  electric  vector 
is  perpendicular  to  the  c  axis. 

1  --  according  to  lenedict  and 
Durand  [88];  2  --  according  to 
Ball ant yne  [91]. 


Figure  9.13.  Frequency  dependence 
of  real  (e1)  and  imaginary  (c") 
components  of  permittivity  of  single¬ 
domain  barium  titanate  monocrystal 
in  ferroelectric  region.  Electric 
vector  perpendicular  to  c  3xis. 
e’  and  £"  computed  by  the  Kramers- 
Kroenig  method  from  data  on  reflec¬ 
tion  spectra.  (According  to 
Ballantyne  [91]). 


3nd  Jackson  [104,  103]  detected  strong  dispersion  in  the  109-10,c  lie  range. 
The  presence  of  dispersion  in  this  frequency  range  was  later  verified  by 
all  the  numerous  investigations  [69..  92-93,  106-308].  Here  dispersion  is 


observed  in  all  three  ferroelectric  phases  [94,  109,  110].  At  room 
temperature  permittivity  from  1,200-1,500  decreases  on  low  frequencies, 
according  to  the  latest  data,  to  500-600  at  1010  Hz  (Figure  9.14). 

The  studies  of  Murzin  and  Dcmeshina  fill]  of  the  reflection  spectra 
shewed  that  strong  dispersion  resumes  on  10  1  Hz,  which  agrees  with  data 
obtained  on  monocrystals.  It  is  roteworthy  that  a  substantial  reduction 
of  permittivity  of  oolydomain  monocrystal s  was  observed  in  a  number  of 
works  in  the  108-1010  Hz  frequency  range  [112,  113,  89,  94].  The  nature  of 
dispersion  of  the  permittivity  of  ceramics  in  the  I09-1010  Hz  range  as  yet 
remains  uncertain.  Since  a  single-domain  crystal  does  not  display  disper¬ 
sion  in  this  frequency  range,  the  features  of  the  macroscopic  structure, 
i.e.,  granularity  of  the  material  or  presence  of  domains,  are  obviously 
the  reason. 
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Figure  9.14.  Frequency  dependence 
of  permittivity  (1)  and  tan  6  (2) 
of  polycrystalline  barium  titanate. 
Room  temperature.  £  =  1,350  at  a 
freouency  of  1  kHz.  (According  to 
Poplavko,  et  al  [95]). 


Essentially  two  dispersion  mechanisms  have  been  advanced:  one 
relates  the  reduction  of  permittivity  with  transition  at  high  frequencies 
to  the  ccndition  of  piezoelectric  clamping  [114,  115],  and  the  second  states 
that  much  of  the  permittivity  is  caused  by  oriertation  polarization  and 
dispersion  is  attriouted  to  the  inertia  of  the  domain  walls  [116].  accord¬ 
ing  to  Devonshire  [114],  the  piezoelectric,  mechanical  vibrations  of 
individual  domains  must  he  examined.  There  is  also  a  transition  to  the 
condition  of  complete  piezoelectric  clamping  at  frequencies  higher  than 
the  resonance  frequency  of  these  vibrations.  Approximation  of  the  resonance 
frequency  on  the  basis  of  a  domain  dimension  of  several  microns  yields  the 
required  order  of  magnitude.  This  mechanism  of  dispersion  is  also  dis¬ 
cussed  in  [117-119]. 

Hipnel  [115],  in  contrast  to  Devonshire,  feels  that  the  resonance 
vibrations  of  entire  crystallites,  rather  than  of  individual  domains, 
should  be  examined.  Apparently  this  mechanism  is  improbable,  sjnso  direct 
observations  show  that  crystallites  have  complex  domain  structure  and  it 
is  improbable  that  each  of  them  as  a  whole  would  possess  considerable 
piezoelectric  activity. 

Kittcl  [116],  who  ana 'y zed  the  equation  of  motion  of  ISO0  walls 
without  consideration  of  damping,  offered  an  explanation  for  the  dispersion 
of  inertia  of  the  domain  walls.  The  solution  of  the  equation  with  very 
approximate  coefficients  yields  a  resonance  frequency  of  2*1^  iiz.  The 


fact  that  dispersion  is  of  a  relaxation  rather  than  resonance  character  can 
easily  be  explained  by  strong  attenuation. 

This  raechanis  was  examined  in  greater  detail  and  more  rigorousl/  by 
Sannikov  [120].  In  his  model  the  domain  wall  vibrates  within  the  limits 
of  its  potential  depression  with  an  amplitude  considerably  smaller  than  the 
effective  wall  thickness.  In  conliast  to  the  Kittel -Sannikov  model, 

Nettleton  [121,  122]  examined,  rather  than  the  motion  of  the  180°  domain 
wall  as  a  whole,  the  vibration  of  local  protuberances  adjacent  to  tl ;  wall, 
with  a  thickness  of  one  lattice  constant.  His  numerical  estimates  showed 
that  this  model  can  also  explain  microwave  dispersion  in  polycrystalline 
barium  titanate.  Thus,  several  mechanisms  of  dispersion  have  been  offered, 
but  so  far  there  are  no  sufficiently  convincing  data  in  favor  of  any  one 
of  them. 

Thus,  the  "clamped"  type  of  ferroelectrics  is  characterized  by  the 
absence  of  dielectric  dispersion  in  the  paraelectric  phase,  and  in  the  case 
of  the  single-domain  crystal,  in  the  ferroelectric  p'ase  as  well,  all  the 
way  up  to  the  frequencies  of  vibrations  of  the  crystal  lattice;  dispersion 
on  UHF  frequencies  occurs  only  in  the  presence  of  the  domain  structure. 

We  will  turn  now  to  ferroelectric  materials  with  the  order-disorder 
type  phase  transition.  The  dielectric  properties  of  triglycine  sulfate 
the  microwave  region  have  been  analyzed  in  a  number  of  works  [123-130 
it  has  been  established  that  strongest  dispersion  occurs  in  the  regie. i  or 
ths  phase  transition,  and  only  on  the  ferroelectric  axis  (b)  (Figure  9.1 
decreases  av  the  Curie  point  even  at  frequencies  of  107-10s  Hz. 

inversely  proportional  to  frequency  in  the  dispersion  region  at  a  fixed 
temperature.  Hill  and  Ichiki  [127],  analyzing  experimental  data  from  the 
viewpoint  of  the  classic  Debye  theory  of  dipole  relaxation,  concluded  that 
there  is  Gauss  distribution  of  relaxation  times.  Here  the  most  probable 

relaxation  time  is  tq  ~  ^ ------  .  In  the  ferroelectric  region  at  frequencies 

Q 

of  lO^-lO5  Hz  there  is  a  reduction  of  permittivity  in  all  three  crystallo¬ 
graphic  directions,  related  to  transition  to  the  condition  of  piezoelectric 
clamping  [130].  The  frequency  of  dielectric  dispersion  on  the  polar  axis 
increases  rapidly  by  measure  of  distance  from  the  Curie  point.  At  room 
temperature  there  is  no  reduction  of  £„  until  i'lO50  Hz  [130]. 

Several  works  [130-137]  pertain  to  analysis  of  the  permittivity  of 
Seignette’s  salt  at  high  frequencies.  Seignette's  salt  possesses  the 
piezoelectric  effect  in  the  paraelectric  region,  and  therefore  at 
frequencies  above  the  frequency  of  piezoelectric  resonance  the  mechanically 
clamped  permittivity  is  measured.  As  already  mentioned,  the  Curie-Weiss 
law  is  satisfied  here  and  the  difference  between  the  inverse  susceptibilities 
is  independent  of  temperature.  At  frequencies  of  109  Hz  the  permittivity- 
measured  in  the  direction  of  the  ferroelectric  axis  experiences  dispersion, 
particularly  strong  in  the  regions  of  the  Curie  temperatures  [133-135,  130, 
137],  The  temperature  dependences  of  permittivity  at  various  frequencies 
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Figure  9.15.  Dependence  of  permittivity  and  tan  5  of 
trigiycine  sulfate  crystal  on  temperature  at  different 
frequencies  (According  to  Poplavko  and  Solonionova 
[130]).  1  —  and  tan  5^  at  4.7-104  Hz;  2  --  and 

tan  6.  at  5*106  Hz;  3  --  el  and  tan  6,  at  8.1' 109  Hz; 

0  d  b  ’ 

4  --  e  at  4.?*104  Hz;  S  --  e  and  tan  <5  at  2*1010  Hr., 
a  a  a 

all  the  way  up  to  Jt.3'1010  Hz,  obtained  by  Sandy  and  Jones  J 1 37 j ,  are  pre¬ 
sented  in  Figure  9.16,  Here  we  see  that  at  rather  high  frequencies 
permittivity  has  maxima  at  the  phase  transition  temperatures.  F.elaxa  ‘on 
is  of  a' Debye  character  with  one  relaxation  time.  It  is  assumed  t  t  (  s- 
persion  in  Seignette’s  salt  is  related  to  rotation  of  dipolar  hydro- 
groups.  Dispersion  was  not  observed  on  the  nonferroelectric  axes 
measurements  up  to  2'10,c  Hr.  [130]. 

The  dielectric  properties  of  KHjPO  crystals  at  high  frequencies 

have  been  analyzed  in  a  number  of  works  [138-141].  It  has  already  been 
mentioned  in  §1  that  this  ferroelectric  possesses  the  piezoelectric  effect 
in  the  paraelectric  phase  and  at  frequencies  higher  than  the  frequency  of 
mechanical  resonance,  as  in  the  case  of  Seignette's  salt,  the  Curic-Weiss 
law  is  satisfied.  Here  transition  to  the  condition  of  piezoelectric 
clamping  does  not  lead  to  a  change  in  the  Curie  constant.  Dispersion  of 
a  relaxation  character  was  observed  in  [139]  during  measurements  at 
frequencies  up  to  3.5*101C  Hz  in  deuterated  crystals.  The  temperature 
dependence  of  tan  5  in  the  paraelectric  region  cbeys  law  (9.28)  and  can  be 
explained  within  the  frameworks  of  dynamic  theory  [140]  and  not  by  dipole 
relaxation  [1421.  Dispersion  of  permittivity  in  l'.ll,P0}  above  the  Curie 

point  was  also  analyzed  from  the  point  of  view  of  tunnel  transition  of  a 
proton  along  the  hydrogen  bond  [143]. 

Another  characteristic  representative  of  ferroelectric?  of  the 
order— disorder  type  is  NaN0? .  This  ferroelectric  material  'ispla  ■  strong 

dispersion  of  permittivity  (144-146}  (Figure  9.17)  on  the  ferroel.  trie 
axis  in  the  vicinity  of  the  Curie  point.  According  to  Hazta  [145,  U>>] , 
who  did  measurements  up  to  2.4’101°  Hz,  minimum  permittivity  is  observed 
on  high  frequencies  at  the-  ferroelectric  phase  transition  temperature, 
and  its  dispersion  dependence  corresponds  to  one  relaxition  time.  Near 


< 


o  y**  o 


0%*  •  • 

of*.  • 


.  -  *  •  > 


•  •  ♦  •  ®  e 

•  *  •  '  ♦ 
. «  * «  •  •  »  * 


'*.* . ,  +  . 

«  ♦  •*». 


•f?‘‘  '<&*’  . 


W  r,*ff 


Figure  9.16.  Temperature  dependence  of  permittivity  of 
Seignette's  sait  crystal  at  various  frequencies  (according 
to  Sandv  and  Jones  [337}):  1  -  2.5*109  U:;  2  --  3*109  lie; 

.3  --  3.9* 109  He;  4  --  5.3-UV  II;;  3  --  7.05*10’  Hz;  o  •- 
8.25*10’  II;;  ,  --  9.45*  109  lie ;  8  —  ll.%*10’  II;;;  9  -- 
1 2 .95 • 10 -  H;. 


the  transition  temperature  the  relaxation  frequency  is  proportional  to 
(T  -  T,. ) ,  where  T_  “  162°C.  No  notable  changes  of  permittivity  were  noted 

in  a  wide  frequency  range  on  the  a  and  c  axes.  It  is  presumed  that  the 
dispersion  ii.  SaNO^  is  reined  to  rotation  of  dipeiar  groups  N09*  around 

the  a  axis.  Theoretical  works  (147,  143]  are  devoted  to  explanation  of 
dielectric  dispersion  in  this  compound. 

§5.  P-ffeet  of  Irradiation 

Irradiation  has  a  considerable  influence  on  the  properties  of  ferro- 
electrics,  a'  observed  by  Zheludev,  ct  al  [149]  on  Seignette’s  salt  crystals. 
It  turned  out  t.'.nt  after  irradiation  with  y-rays  the  permittivity  maxima 
at  the  Curie  points  become  smaller  and  are  displace!  with  respect  to 
temperature  toward  each  other.  In  addition  the  so-called  double  loop  is 
observed  instead  of  the  normal  hysteresis  loop,  and  after  large  doses  of 
irradiation  hysteresis  loros  are  not  observed  at  all. 
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Figure  9.17.  Temperature  dependence  of  permittivity  of 
NaN09  crystal  on  b  axis  at  various  frequencies. 

(According  to  Hatta  [146)).  1  --  5  Mh2;  2  --  32  Mils; 

3  --  64  MHz;  4  --  130  MHz;  S  —  160  MHZ;  6  --  350  MHz; 

7  --  600  MHz;  8  --  1,000  MHz;  9  --  9,000  MHz;  10  — 

24  .  •''0  MHz . 

Subsequent  investigations  showed  that  irradiation  with  x-rays  and 
ultraviolet  rays  lead  to  the  analogous  effect.  The  effect  of  irradiation 
on  the  properties  of  ferroelcctrics  has  been  analyzed  chiefly  on  crystals 
of  Seignctte’s  salt  and  triglycine  sulfate.  These  include  the  works  of 
Yurin,  et  al  59-154],  Eisner  [155,  156],  Chynowsth  [157],  Okada  [158-160], 
Starodubtsev  ;-.nd  i'eshikov  [161-165],  among  other  investigators  [166-176], 

The  results  of  the  investigations  show  thet  irradiation  stabilizes 
the  domain  stricture  that  exists  at  the  moment  of  irradiation.  If  during 
irradiation  a  crystal  is  in  the  single-domain  state,  then  the  loon  is 
asymmetric  and  displaced  (Figure  9.18c);  if  it  is  in  the  poiydomain  state 
it  is  a  double  loop  (Figure  P.i.Vo).  in  the  case  when  irradiation  occurs 
above  the  Curie  point  the  loop  is  normal  (Figure  9  18a).  The  form  of  the 
hysteresis  loop  changes  if  the  cr-'tal  is  held  for  a  long  time  in  the  state 
in  which  the  domain  structure  diners  from  that  at  the  moment  of  irradia¬ 
tion.  If',  for  example,  a  crystal  with  a  double  hysteresis  loop  is  heid  for 
a  long  time  at  a  temperature  above  the  Curie  point,  then  its  loop  becomes 
normal .  If,  however,  the  sane  crystal  is  then  held  for  a  long  time  in  the 
poiydomain  state,  the  loop  again  becomes  double. 
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Figure  9.18.  Oscillograms  of 
hysteresis  loops  of  triglycine 
sulfate  crystal,  illustrating 
the  effect  of  y-irradiation. 
(According  to  Yurin,  et  al  [154]). 
a  --  before  irradiation;  b  -- 
after  dose  of  2'1CB  r;  c  -- 
after  dose  of  2 * i 0 6  r;  irradia¬ 
tion  in  this  case  in  the  presence 

of  constant  field  *E  >  E  .. 

=  sat 

Maximum  field  strength  E~  = 

2  kV/cm,  frequency  50  Hz, 
temperature  20°C. 


Quite  the  same  pattern  holds 
true  for  Seignette's  salt  crystals 
containing  copper  atoms  as  impurity, 
introduced  to  the  crystals  during 
the  growth  process  [153,  177-179]. 

Tne  action  of  radiation  defects  has 
the  equivalent  effect  of  some 
internal  effective  bias  field,  the 
direction  of  which  coincides  in 
each  domain  with  spontaneous  polari¬ 
zation.  In  other  words,  unidirec¬ 
tional  anisotropy  occurs.  If  the 
stabilizing  state  is  the  single¬ 
domain  state  the  internal  biasing 
field  may  be  compensated  by  a 
constant  electric  field.  It  is 
assumed  that  impurity  Lons  or 
radiolysis  products,  as  a  result  of 
directional  diffusion,  occupy  the 
positions  in  the  crystal  lattice 
that  stabilize  the  direction  of 
spontaneous  polarization  [153]. 

The  effect  of  radiation  defects 
however,  cannot  be  reduced  simply  tc 
the  creation  of  an  internal  biasing 
field.  Defects,  moreover,  weaken 
the  forces  of  interaction,  leading 
to  the  appearance  of  spontaneous 
polarization.  The  position  of  the 
peak  on  the  curve  of  the  temperature 


dependence  of  e  is  determined  uy  the 

rivalry  of  these  two  factors,  acting  in  opposite  directions:  weakening  ot 
the  forces  of  interaction  leads  to  reduction  o^  the  Curie  point,  and  the 
appearance  of  an  internal  fieid,  tc  displacement  of  maximum  e  toward  higher 
temperatures,  and  here  maximum  e  is  diminished.  This  notion  of  the  effect 
of  defects  is  verified  by  experiments  on  compensation  of  the  internal  field 
by  a  constant  electric  field  [162-165].  A  directional  electric  field 
increases  maximum  e  in  the  corresponding  manner  and  simultaneously  displaces 
the  maximum  toward  lower  temperatures,  thereby  compensating  the  action  of 
the  incernal  field. 

Radiation  effects  have  also  been  analyzed  in  barium  titanatc 
[1C0-192],  and  all  works,  with  the  exception  of  [191,  192],  pertain  to 
analysis  of  the  effect  of  irradiation  w.th  neutrons.  When  the  dose  of 
irradiation  is  increased  to  10ie  neutron/cm2  the  processes  of  repo*-  irizati on 
proceed  with  greater  difficulty,  the  Curie  point  drops  and  receptivity  at 
the  Curie  poi it  also  decreases.  As  a  result  of  irradiation  with  a  dose 
exceeding  1025  neutron/cm2,  permittivity  has  no  maximum  and  the  crystal 
lattice  remains  cubic.  Here  the  elementary  cell  becomes  larger.  The 
mechanism  of  the  effect  of  radiation  defects  on  the  ferroelectric  properties 
of  barium  titanatc  is  unknown  at  the  present  time. 
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CHAPTER  10.  ELECTROMECHANICAL  PROPERTIES  OF  FKRROE LECTR ICS 

§1.  Fcrroelectrlcs  That  Arc  Not  Piezoelectrics  in  Parunlectric  Phase 

By  examining  the  thermodynamic  potential  of  a  piezoelectric  crystal 
successively:  as  a  function  of  deformations  ar.d  polarization  (»,  P) , 
mechanical  stresses  and  polarisation  (a,  P) ,  deformation  and  electric  field 
strength  (u,  E) ,  mechanical  stresses  and  field  strength  (0,  E;  and  discarding 
terms  of  higher  orders,  we  may  derive  the  following  equations; 


V”  ~ ‘Tti/vO ,r'» 

(10.1) 

u,t~£  — 

(10.2) 

t,jx>  — ff/titj,.*  +  V»,£*£(. 

(10.3) 

**/"  ~  '(/*[*»)  + 

(10.4) 

From  these  equations,  b  substituting  (10.2)  into  (10.  i)  and  (10.4) 
into  (10. 3),  we  obtain  relation,  that  give  the  relationship  between  the 
coefficients  of  electrostriction ,  or  inverse  piezoelectric  effect,  q  and  c, 
v  and  X: 


1  *  . 

'tjn  ■*  <*»*W*/" 


(IP  S) 
(10.6) 
(10.~) 
flO.S) 


After  replacing  in  (iO.5;  and  (10.21  the  polarization  component  by 
their  expression  through  susceptibility  and  field  strength  (P^  -  Y..E.)  and 

comparing  (10.1)  with  (10.3),  and  also  (10.2)  with  (10.4),  we  obtain 


v<  jkl  ** 

Jkl  w  • 


(10.9) 
no.  10) 


Devonshire  [ 1 1  demonstrated  that  the  electrostrictional  coefficient; 
also  have  another  physical  meaning.  By  differentiating  (10.2)  two  times 
with  respect  to  the  polarization  components,  we  find: 


(10.11) 


“  #o»<  +  *<yi»  —  2»v*; 


On  the  other  hand,  the  relations 


(10.12) 


are  valid.  Hence 


’tiki ■ 


*£» 


(10.13) 


Analogously  we  may  derive 


(10.14) 


Thus,  coefficients  X  and  i?  mean  the  rate  of  change  of  susceptibility 
and  its  inverse  value,  respectively,  with  pressure. 

We  will  now  find  cut  what  will  be  the  result  at  the  Curie  point  of 
spontaneous  polarization,  which  can  be  treated  as  a  unique  type  of  "action," 
leading  to  a  reduction  of  symmetry  of  the  crystal.  Then,  according  to  the 
Curie  principle,  a  crystal  (more  accurately,  domain)  in  the  ferroelectric 
phase  will  possess  elements  of  symmetry,  which  are  common  to  the  crystal  in 
the  paraelectric  phase  and  to  the  polar  vector.  Here  the  inversion  center 
will  be  lost  and  the  crystal  will  become  a  piezoelectric.  Thus  the  piezo¬ 
electric  effect  in  such  ferroelectrics  may  be  considered  a  morphic  effect. 
Strictly  speaking,  these  considerations  are  valid  only  for  second  order 
phase  transitions,  since  in  the  case  of  the  first  order  transition  the 
symmetries  of  both  phases  are  unrelated.  But  since  during  feiToeleetrie 
phase  transitions  there  is  no  fundamental  rearrangement  of  the  crystal  and 
the  distortions  of  the  crystal  lattice  that  do  occur  are  very  small,  treat¬ 
ment  of  spontaneous  polarization  as  an  "action"  is  always  valid.  From  this 
standpoint  it  might  be  expected  that  equations  (10.1)  and  (10.21  will  also 
be  valid  for  the  ferroelectric  phase,  with  the  same  electrostrictionai 
coefficients <>  and  q,  and  polarization  will  be  defined  as  the  sum  of 
spontaneous  and  induced  polarization.  Then  equation  (10.2),  for  the  case 
of  a  mechanically  free  crystal  (o  =  0) .  will  acquire  the  form: 


[rv-in] 


■«/ ** hjkt  (Ptt  +■  P,k)  {£ <1  +•  Ftll «■“  +  *4Jk lptkpil -f 
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The  first  term  in  (10. IS)  zorresponds  to  spontaneous  (u..)s> 


no.  15) 


the 


second  and  third  to  piezoelectric  (a. .)  ,  and  the  fourth  to  eleetrostric- 
tional  deformations:  J  1 


mm 


[n=pl 

where 


(««/«  m>  &ynF,iP,i, 

(“</!* **  M/.'il “■  tlljP.U 


(10.16) 

(10.1?) 


(10.18) 


On  the  other  hand 


i»y),  ■»  dit/Et- 


(10.19) 


Comparing  (10.19)  and  (10.17),  and  recalling  (10.18),  we  obtain: 

(10.20) 

It  is  clear  from  (10.17)  that  the  piezoelectric  effect  in  the  ferro¬ 
electric  phase  can  be  regarded  in  this  case  as  electrostriction,  linearized 
by  spontaneous  polarization.  Wc  will  note  that  (10.18)  may  be  derived  through 
differentiation  of  (10.2)  with  respect  to  P7.  Knowing  the  electrostrictional 

coefficients  3  for  the  paraelectric  phase  and  the  magnitude  and  direction  of 
spontaneous  polarization,  we  can  determine  from  (10. IS)  all  tensor 
components  of  spontaneous  deformation,  and  from  (10.18)  the  piezoelectric 
coefficients  g.  In  consideration  of  the  terms  of  higher  erders  in  (10.2) 
in  the  expansion  of  free  energy,  there  will  be  terms  of  the  fourth,  sixth, 
etc.  orders  in  terms  of  polarization.  Consequently  each  term  in  (10. IS) 
will  have  an  additive,  although  a  small  one  from  the  practical  point  of  view. 
Moreover,  in  (10.15),  in  addition  to  quadratic  terms  for  P.  ,  with 

coefficients  St  there  will  be  other  new  quadratic  terms.  The  coefficients 
of  these  terms  will  correspond  to  the  tensor  components  of  the  electro¬ 
striction  coefficients  of  the  ferroelectric  phase,  which  were  the  result  of 
reduction  of  crystal  symmetry. 

The  coefficient!  of  elastic  pliancy  and  rigidity  in  the  ferroelectric 
phase,  determined  under  conditions  of  constant  polarization  and  constant 
electric  field,  can  differ  substantially.  In  the  general  case  we  have  for 
deformation  tensor  components: 


*(/  *■*  “‘f/M1*!  +  fklffl-  (10.21) 

When  )  -  1 

P(**  —  <*<,•»•/»■  (10.22) 

Substituting  (10.22)  into  (10.21)  and  separating  the  terms  with  the 
same  mechanical  stress  tensor  components,  wc  obtain  [1): 
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(K0.23) 


It  follows  from  (10,23),  recalling  (10.20),  that  the  behavior  >f 
certain  elasric  pliabilities  s!'^,  is  determined  by  the  behavior  of 
dielectric  susceptibility. 


The  examination  presented  here,  naturally,  is  valid  only  fo**  a  single- 
domain  crystal.  When  a  crystal  is  broken  down  into  domains,  as  pointed  out 
in  Chapter  7,  according  to  the  rule  formulated  by  Zheludev  and  Shuvalov 
[2,  3],  the  elements  of  symm  ry  of  the  initial  nonferroelectric  phase  that 
are  lost  on  transition  into  the  ferroelectric  phase  become  elements  of 
twinning.  Therefore  a  multidomain  crystal  (not  unipolar)  displays  macro- 
symmetry  in  the  nonferroelectric  phase.  Hence,  if  the  latter  is  cent^o- 
symmetric  it  should  not  display  the  piezoelectric  effect. 

We  will  now  examine  the  electrostriction,  piezoelectric  and  elastic 
properties  of  the  two  best  known  ferroelectrics  that  are  centrosymmetric  in 
the  paraelectric  phase. 


1.  Barium  Titanato 

The  matrix  of  electrostriction  coefficients  for  cubic  barium 
titanate  has  the  form 


*11  *1!  5II  0  0  o 

3i*  ®u  o  o  a 

0  0  0 

0  o  0  o  o  (10.24) 

0  0  0  0  0 

o  o  0  0  0 


Coefficients  X  also  have  t ho  analogous  matrix, 
mechanically  free  crystal  (o  =  0)  equations  (10.2)  and 
as  follows: 


In  the  case  of  a 
(10.4)  are  written 


U,J 


(10.25) 

(10.26) 


If  in  the  paraelectric  phase,  for  instance,  a  field  is  applied  along 
axis  y .  t' en  (10.25)  and  (10.26)  in  matrix  notation  will  acquire  the  form: 


"i*~®np»’  1 

I 

•l  5 

I 


(10.27) 
(10. 2S) 


• 


Hence  coefficients  J  ,  .Sp,  and  Xp  may  he  determined  according  to  the 

experimental  values  of  Uj  a no  u9,  Schmidt  [ 4  J  conducted  such  experiments. 

Relation  (10.16)  may  also  be  used  and,  if  the  magnitude  of  spontaneous 
polarization  ar.d  spontaneous  deformations  are  known  coefficients  c5j  ,  t>p 

ar.d  cs^  can  be  calculated.  At  room  temperature,  when  symmetry  is 

tetragonal,  using  Pg  =  P,  =  2*<- -- 1 0~ C/cmJ  [5],  u^  =  u,  =  -3  4*10  ’  and  = 

=  7.5*  10" J  [6],  we  obtain  ,I7|: 


0  =  I  lo" 1 2  en«:. 

n  , 

=  -0.56*  10*!  'l  esu. 


(l'\2P> 


In  order  to  determine  the  coefficient  ^ (  it  is  necessary  to  take 
the  values  u.  and  P.  for  the  rhombic  phase.  At  0*T  u,  v  ?  ,9*  1  r‘  ‘ 1 ,  P  = 

-  31*10*6  C/cm'  [8]  or  P^  =  2?.4*lo“6  C/cmr  [9j  ,  and  for  ^  j  we  obtain  [“]: 


-0.67*  10' '  ‘  esu, 
0. '5* • 0* : 1  esu. 


(10.30) 


Investigations  of  the  effect  of  mechanical  stresses  on  the  ferro¬ 
electric  phase  transition  and  the  behavior  of  dielectric  susceptibility  in 
the  nsraelectric  region  show  (see  Chapter  13,  i-2)  that  when  mechanical 
stresses  are  applied  the  Curie-Keis?  law  (9.1)  and  (9.2)  continues  to  be 
valid,  and  here  the  Curie  constant  remains  the  same,  while  only  u  changes. 

In  other  words,  the  slope  of  the  straight  line  —  (T)  remains  the  same.  The 

straight  line  is  simply  displaced  on  the  temperature  axis  parallel  to 

it-elf.  This  means  that  ,  ir.  view  of  (’0.13)  and  <Jt  is  independent  of 

— ,~-r" 

A\f 

temperature.  Tims,  coefficients s>  in  the  paraelcctric  phase  are  the  "true" 
crystal  constants.  Since  relations  (ln.9)  and  (10.10)  i«rc  valid,  the 
'lectrostri.ction  coefficients  '•  and  v,  by  virtue  cf  the  strong  temperature 
/endonce  of  susceptibility,  increase  rapidly  as  the  Curie  point  is 
ipjiroachcd. 

The  matrix  of  the  piezoelectric  moduli  for  the  tetragonal  phase 
corresponds  to  the  point  group  of  this  phase  (4mm)  and  has  the  form: 


o  o  o  e  o 

o  o  e  o  o 

Jji  rf*j  0  0  0 


rm.sn 


Expressions  (10.18)  for  piezoelectric  coefficients  g  and  (10.20)  for 
th?  piezoelectric  moduli  in  the  case  when  spontaneous  polarization  is 
directed  on  the  z  axis,  are  written  in  the  form  [10]: 


— 2»UP 
*ii "  »i»P4;- 

^1*  "*  *«P*x*- 
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(10.33) 

(10.34) 

(10.35) 

(10.36) 

(10.37) 


Using  relations  (10.32-10.37),  wc  may  determine  on  the  basis  of  piezo¬ 
electric  measurements  the  electrostriction  coefficients  Caspar!  and 
Merz  [11],  Berlincourt  and  Jaffc  [7],  lluihregtse,  et  al  [12]  Investigated 
the  piezoelectric  properties  of  single-domain  barium  titanate  monocrvstals. 
The  coefficients  g  and  d  at  25°C,  according  to  [7],  are  listed  in  Table  17. 
Calculation  of  coefficients  d  on  the  basis  of  experimental  values  of  the 
piezoelectric  coefficients  g  using  equations  (10.32-10.34)  yields: 


*ll  <=  1,23.10-is  esu 
»!,*= -0.49  >10-1*  esu 
*4i  *=■  0.65 .  *o-u  .-esu 


(10,38) 


which  agrees  quite  well  with  (10.21*)  and  (10.30). 

Table  17.  Elastic  and  Piezoelectric  Coefficients  of  Barium 
Titanate  (Berlincourt  and  Jaffe  [7]) 


KEY:  1.  nliancies  at  25°C,  10_M  cra^/dyne 

2.  Piezoelectric  coefficients  at  25°C,  esu 

3,  Mono-crystals 

4.  Ceramics 

5,  Elastic  pliancies  of  monocrystals  at  150°C,  10"* 3  cm J /dvnc 


'5?  - 


Calculations  by  both  methods  yield  similar  values  of  i.°  up  to  the 
Curie  point.  On  transition  to  the  paraclectric  phase  the  electrostriction 
coefficients  .5  remain  practically  constant  (Figure  10.1a),  This  most 
convincingly  shows  that  the  coefficients  t)  are  the  "true"  crystal 
constants.  The  temperature  dependences  of  the  piezoelectric  moduli  d„j 

and  according  to  (10.35)  and  (10.36),  are  determined  by  the  dependence 

of  X-  ( >r  e*7)  on  temperature,  and  therefore  increase  sharply  in  absolute 
5  c 

value  s  the  Curie  point  is  approached.  The  deoendencc  of  d  on  temperature 
is  illu  rated  in  Figure  10.1b. 


Figure  10.1.  Klectrostriction  and  piezoelectric  properties 
of  barium  titanate  aenocrystal  (Huibregtsc,  et  al  [12]). 
a  --  temperature  dependence  of  electrostriction  coefficient 
S  determined  as  u  /P“  (h^ken  curve),  2ird_,/e®l>» 

(continuous  curve);  b  --  temperature  dependence  of  piezo¬ 
electric  modulus  d_, . 

ol 

The  entire  discussion  so  far  has  concerned  the  single -domain  mono- 
crystal.  If  ISO”  repolarization  processes,  which  occur  under  the  influence 
of  a  sufficiently  strong  electric  field,  are  taken  into  account,  the 
deformation  pattern  of  a  crystal  becomes  much  more  complex.  The  dielectric 
hysteresis  loop  is  illustrated  schematically  in  Figure  10.2a,  and  also 
shown  in  Figure  10,2b  and  c  is  the  correspond i»g  curve  of  change  of  crystal 

deformation.  It  is  assumed  that 

a  b  c  only  180°  repolarization  takes  place. 

Piezoelectric  deformation  takes 
place  on  segment  1-2-5.  The  transi¬ 
tion  from  3-4  is  related  to  rcpolari- 
zation  and  the  sign  of  piezoelectric 
deformation  changes.  (in  segment 
4-5,  where  the  ctyr.tni  is  again 
single-domain,  deformation  or.ee  again 
becomes  a  linear  function  of  the 
field.  When  the  field  has  the 
opposite  direction  deformation 
changes  in  the  sequence  5-4-6-2-1. 
Thus,  the  dependence  of  deformr.ion 
or.  field  strength  resembles  a  butter¬ 
fly. 


Figure  10.2.  Schematic  diagrams 
of:  a  --  dielectric  hysteresis 
loop;  h  --  hysteresis  quadratic 
dependence  of  deformation  on 
electric  field  strength  (ideal); 
c  --  actual  dependence  of  defor¬ 
mation  on  electTic  field  strength. 
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The  elastic  properties  of  uurium  tit'mate  monocrvstals  in  the  cubic 
and  tetragonal  phases  were  analyzed  by  Berlipcourt  and  Jaffe  [7]  and 
liuibregtse,  et  al  [12,  13}.  The  values  of  s .  and  s.  .  at  25  and  150°C  {7} 

XJ  P  F 

are  presented  in  Table  17,  and  the  temperature  dependences  of  Sjj,  Sj'j  and 
(2Sp  ♦  s^}  are  shown  in  Figure  10.3).  For  the  tetragonal  phase,  when 
P  is  directed  along  the  z  axis,  after  substitution  of  coefficients  g  and  d 
according  tc  (10.32-10.37).  (10.23)  yields  [10]: 


*fi 

•’>  ""  *(:  + 

*fa  *=*  *fi  T  Wjjf'lKj* 

ift  ~  i:z  a  s ft  T 
.*  —  .7 


f 10.59) 


F. 

Tt  follows  from  (10.39)  that  the  temperature  dependences  of  s'  and 

(2s, \  +  s''  in  the  tetragonal  phase  should  reflect  the  change  of  x-  W*h 
i  i  Go  a 

the  susceptibility  temperature,  which  is  observed  experimentally  (Figure  io,; 

For  elastic  pliancies,  determined  for  ?  =  const,  we  should  expect  a  weak 

P 

temperature  dependence,  "this  is  true  for  (2s,.,  +  s,u  .  The  increase  of 

p  »  <v  uO 

s.^  in  tbs  tetragonal  phase,  observed  experimentally,  as  the  Curie  point  is 

approached,  is  rot  understood.  The  reason  is  perhaps  the  fact  th.»t  near 
the  Curie  point,  despite  the  polarizing  field  applied  during  the  measure¬ 
ments,  domains  appear,  elastic  pliancies  in  the  cubic  phase  ar  identical 
during  constant  polarization  and  constant  field,  since  here  there  is  no 
piezoelectric  effect. 


Figure  10.3.  Temperature  dependence  of  elastic  properties 
of  barium  titanatc  monocrystal  (Huibrcgtse,  ct  al  [121). 

p 

a  --  temperature  dependence  of  clastic  pliancies  s  ,  and 

F  p  1 ! 

s'  ;  b  --  temperature  dependence  of  (2s,,  *  s,,)  (broken 
II  *  -•  1  -  oo 


curve)  and  us. 


(continuous  curve) 


_ 
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Roberts  [14]  and  Rzhanov  [15,  16]  independently  discovered  that  poly- 
crystalline  barium  titanate,  after  polarisation  in  a  sufficiently  strong 
constant  electric  field,  displays  great  piezoelectric  activity.  Processes 
of  rspolarizatior.  occur  in  individual  crystallites  under  the  influence  of 
the  polarizing  field,  with  the  result  that  a  polar  axis  appear?  in  a  ceramic 
specimen,  coinciding  in  direction  with  the  field.  Such  a  ceramic  is  a 
special  case  of  piezoelectric  textures,  examined  by  Shubnikov  [17,  18],  and 
belongs  to  the  point  group  ®cm,  i.e.,  has  a  rotation  axis  of  infinite-  order 
and  an  infinite  number  of  planes  of  symmetry  parallel  to  it.  When  the 
polarizing  field  is  applied  along  the  z  axis  the  matrix  of  piezoelectric 
moduli  of  this  ceramic  has  the  form  (10.51). 


Bogdanov,  et  al  [19,  20],  Shuvalov  [21],  Kholodenko  and  Shirobokov 

[22],  by  averaging,  derived  the  expressions  for  the  piezoelectric  moduli  of 

ceramics  through  the  pic-zcele-ctric  moduli  of  a  monocrystal.  In  there 

calculation?  a  certain  distribution  of  orientations  1-  after  polarization 

s 


was  assumed,  for  simplicity  the  interaction  between  individual  grains  was 


not  taken  into  account  and  it  was  assumed  that  the  electric  field  wa? 
homogeneous  in  the  entire  specimen  and  equal  to  the  average  macroscopic 
field,  i.e,,  the  anisotropy  of  permittivity  in  the  domains  was  not  taken 
into  account.  Hie  question  of  orientations  after  polarization  was 

examined  in  sS,  Chapter  8.  We  will  recall  simply  that  mainly  180°  repolari¬ 
zation  takes  place. 

Man.take  and  Ikc-da  <23,  24],  who  assumed  that  a  ceramic  consists  of 
unidosnain  spherical  crystallites,  used  a  somewhat  different  method  to 
determine  the  physical  properties  of  ceramics  through  the  propert  -s  of  a 
monocrystal ,  In  their  calculations  they  considered  the  anisotropy  of  the 
permittivity  of  the  crystallites  ard  their  piezoelectric  interaction.  The 
average  piezoelectric  moauli  of  ceramics  calculated  by  both  methods  are 
quite  close  to  the  experimental  values,  taking  into  account  also  that  the 
latter  have  greater  scattering,  since  they  depend  on  porosity,  industrial 
technology,  etc. 

Mr-son  [25],  who  examined  nonpolarized  ceramics  as  a  homogeneous 
medium  possessing  electrcstriction ,  in  which  polarization  occurs  under  the 
influence  of  a  constant  field,  took  a  totally  different  approach  to  the 
problem  of  determining  the  physical  properties  of  ceramics.  These  notions 
are  also  developed  by  Baerwald  [26],  The  piezoelectric  properties  of  poly¬ 
crystalline  barium  titanate  have  been  analyzed  experimentally  by  numerous 
investigators  [14-16,  24,  25,  27-42],  The  influence  of  the  porosity  or 
specimens  [57]  and  of  the  conditions  of  polarization  [34.  5$,  45]  on 
piezoelectric  properties  has  been  investigated.  In  addition  to  the  me  . 
easily  measured  piezoelectric  moduli  d_,  and  d_.,}  Bogdanov,  et  al  [36,  44] 

determined  piezoelectric,  modulus  dj_.  The  values  of  the  piezoelectric 

moduli  are  presented  in  Table  18.  Polarized  ceramics  also  displays  a 
volumetric  piezoelectric  effect,  and  under  the  influence  of  hydrostatic 
pressure  p  polarization  appears: 
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P>  *=  (2iji  +  <?»j)  P  • ' 


(10.40) 


This  effect  is  investigated  by  Jaffe  [45],  and  also  bv  Peris,  et  al 

[46]. 

It  was  pointed  nut  above  that  the  character  of  deformation  of  a 
monocrystal  under  the  influence  of  an  electric  field  is  determined  not  only 
by  the  piezoelectric  effect,  but  also  by  180°  repolari  aticn,  -'ith  the 
result  that  the  sign  of  deformation  is  changed.  The  same  is  true  for 
ceramics,  but  here,  as  in  the  case  of  monocrvstai s  with  00°  domains,  there 
is  also  the  process  of  parcial  90°  repolarization  (for  example  displacement 
of  90°  walls)  under  the  influence  of  an  electric  field.  By  virtue  ef  the 
tetragonality  of  the  elementary  cell,  rotation  of  spontaneous  polarization 
by  90°,  even  in  a  small  volume,  leads  to  substantial  deformation  of  the 
entire  specimen. 

The  dependence  of  the  deformation  of  ceramics  on  the  electric  field 
strength  was  investigated  by  several  authors  [47-49].  It.  is  of  quadratic 
character  (Figure  10.2c),  and  therefore  this  effect  is  usually  called 
electrostriction.  The  dependence  is  quadratic  by  virtue  both  of  the  fact 
that  180°  repolarization  changes  the  sign  of  piezoelectric  deformation  and 
of  the  fact  that  90°  repolarization  occurs  chiefly  from  a  position  nearly 
perpendicular  .o  the  field  co  a  position  nearly  parallel  to  the  field,  The 
fraction  of  reorientations  from  the  direction  antipavallel  to  the  field  to 
perpendicular  is  apparently  small,  since  the  processes  are  primarily  those 
of  180°  reorientati  The  fraction  of  90°  reorientations  is  determined 
or,  the  basis  of  the  magnitude  of  deformation  during  polarization  [48,  49} . 

CO"  reorientation  may  occur,  apparently  the  result  chiefly  of  the 
motion  of  90°  domain  walls  between  domains  with  spontaneous  polarization 
directed,  roughly  speaking,  perpendicular  and  parallel  to  polarization,  can 
also  occur  in  pola  ;zed  ceramics  in  a  field  that  is  weak  enough  so  as  not 
to  reduce  residual  pclarizaticn.  Such  wall  movement  results  in  deformations 
with  the  same  sign  as  piezoelectric  deformations.  The  contribution  of  these 
deformations  to  the  overall  effective  piezoelectric  deformation  in  barium 
titanate  is  apparently  large  only  near  the  Curie  point,  in  all  likelihood 
it  is  specifically  90°  reorientations  that  are  responsible  for  the  maximum 
experimental Iv  observed  piezoelectric  modulus  jd^.i  near  the  Curie  point. 

During  measurements  in  a  rather  strong  polarizing  field  the  temperature 
dependence  of  jd_jj  in  the  tetragonal  phase,  as  is  to  be  expected,  according 

to  calculation  formulas  [19-22],  is  close  to  the  temperature  dependence  of 
d  of  the  monocrystal  [10]  and  practically  no  maximum  is  observed  near  the 

Curie  poirt  [50]. 

180°  reorientation  should  not  be  expected  to  contribute  greatly  to 
the  effective  piezoelectric  deformation  in  the  case  of  solid  solutions  of 
P>n(Ti ,  5n)0,  and  Ba(Ti,  Zr)0_,  in  which  domain  wall  mobility  is  great. 

Roy  [51]  and  Bokov  [50]  found  that  in  certain  of  these  solid  solutions  the 


dependence  of  piezoelectric  moduli  d„,  and  id-J  on  polai^zing  field  intensity 

passes  through  a  maximum.  This  anomalous  dependence  can  be  explained  on  the 
basis  of  the  large  contribution  of  processes  other  than  180°  reorientation 
to  the  effective  piezoelectric  effect.  The  question  of  the  dependence  of 
the  piezoelectric  modulus  and  losses  on  he  strength  of  a  variable 
stimulating  electric  field,  Important  *  the  practical  application  of 
piezoceramics,  was  investigated  in  si-vsi  works  [52-56]. 

The  piezoelectric  moduli  of  polarized  ceramics,  like  dielectric 
polarization,  diminish  as  time  passes,  and  aging  occurs.  The  most  notable 
drop  occurs  during  the  first  hours  after  polarization,  then  it  levels  off 
gradually  [55,  55,  57].  At  the  same  time  the  Q-factor  of  the  ceramic 
piezoelectric  element  increases  [57].  Reduction  of  the  piezoelectric 
moduli  is  apparently  related  to  slight  depolarization  as  a  result  of 
reverse  90°  reorientations. 

The  piezoelectric  properties  of  ceramic  barium  titanate  have  been 
investigated  in  a  number  of  works  in  the  static  mode  in  3  strong  electric 
field  or  in  the  presence  of  large  mechanical  stresses.  If  piezoelectric 
deformations,  according  to  Kovalenko  [58],  increase  linearly,  at  least  up 
to  5  kV/cm  as  the  strength  of  a  stationary  electric  field  increases,  then 
the  dependence  of  polarization  on  mechanical  stresses  is  nonlinear.  The 
direct  piezoelectric  effect  has  been  investigated  in  numerous  works  [44,  48, 
59-66].  Under  compression  in  the  direction  of  polarization,  the  dependence 
of  the  induced  charge  on  mechanical  stresses  has  a  maximum  [62,  66].  If  a 
specimen  is  compressed  in  the  direction  perpendicular  to  polarization,  this 
dependence  also  has  a  maximum,  and  with  stresses  of  400-660  kg/cm2  the 
sign  of  the  induced  charge  changes  [62,  65,  65,  66].  It  is  noteworthy  hci*' 
that  the  sign  of  change  of  polarization  remains  unchanged  after  the  removal 
of  a  small  load  [65].  The  dependence  of  polarization  on  hydrostatic 
pressure  is  linear,  at  least  up  to  1,000  kg/rm2  [65]. 

The  unusual  dependences  of  polarization  on  rechanical  stresses  can 
be  explained  qualitatively  by  the  90°  reorientations  that  occur  under  the 
influence  of  pressure.  Here,  as  sh^wn  by  tests,  rather  strong  mechanical 
stresses  can  lead  even  to  depolarization.  T  at  pressure  actually  causes 
90°  reorientation  is  verified  by  the  results  of  Subbarao,  et  al  [67], 

Berlincourt  and  Krueger  [48],  Belyukhanova ,  et  al  [68],  Syrkin  and  F.l'gard 
[69].  It  was  shown  in  these  works  that  deformation  in  the  ferroelectric 
phase,  occurring  under  the  influence  of  mechanical  stresses,  is  established 
over  a  long  period  of  time,  reaching  tens  of  minutes,  which  can  be 
explained  only  by  rearrangement  of  domain  structure. 

These  same  processes  explain  mechanical  nonlinearity  in  the  presence 
of  dynamic  stresses,  observed  in  the  tests  of  Verlyukhanova,  et  al  [68]. 

The  clastic  properties  of  ceramics  under  small  loads  depend  substantial 1>" 
on  the  polarizing  intensity.  Young's  modulus  increases  as  the  field 
increases  (this  effect  is  analogous  to  the  so-called  AE-effect  in  ferro¬ 
magnetics),  and  the  forward  and  reverse  curves  do  not  coincide,  which  leads 
during  cyclic  change  of  the  field  to  a  "butterfly"  type  dependence  [24,  25,  70]. 
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At  the  Curie  temperature  and  at  the  temperatures  cf  transition  from  s  ferro¬ 
electric  phase  with  one  symmetry  to  a  ferroelectric  phase  with  another 
symmetry  Young’s  modulus  has  minims  [28,  31,  32,  SO,  57,  70].  The 
dependence  of  the  elastic  constants  of  barium  titanate  ceramics  on  porosity 
was  investigated  by  Marutake  and  Ikcda  [71]. 


Cine  Sulfate 


The  matrix  of  electrostrirtion  coefficients  of  triglycine  sulfate 
in  the  paraelectric  phase  has  the  form: 
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Spontaneous  polarisation  on  the  y  axis  leads  to  linearization  of 
(.-jcctrostriction,  i.e.,  the  appearance  of  the  piezoelectric  effect.  The 
piezoelectric  coefficients  g  can  be  determined  according  to  (10.18),  whence 
in  the  specific  case: 

»«=•»«'’.  «-l.  2.3»S>.  ) 

In  *»  ®«P#. 

The  corresponding  piezoelectric  moduli  d  will  be  nonzero  values.  Here, 
according  to  (10.20),  only  piezoelectric  moduli  d,.  should  display  anomalies 

at  the  Curie  point,  since  only  they  are  related  to  anomalously  increasing 

t* 

susceptibility 

The  electrostriction  and  piezoelectric  properties  of  triglvcinc 
sulfate  crystals  have  been  investigated  by  many  researchers,  although 
measurement  results  do  not  coincide  satisfactorily.  Konstantinova,  et  ai 
[72,  73],  and  also  Hussimi  and  Kataoka  [74],  were  the  first  to  derive  the 
complete  matrices  of  piezoelectric  moduli,  and  also  of  the  coefficients  of 
elastic  pliancy  and  rigidity.  .  The  results  cf  these  investigations  do  not 
agree.  Data  [72,  73]  were  subjected  to  critical  review  in  [75].  later  on 
Ikeda  and  coauthors  [76]  measured  piezoelectric  moduli  d^,  d,.,,  u,.,  d,., 

and  Fotchenkov  and  Zaytseva  [77]  measured  piezoelectric  modulus  d,_,  but 

even  ir,  this  case  the  values  of  d0„  do  not  coincide  satisfactorily.  The 

basic  cause  of  the  discrepancy  between  the  experimental  data  is  apparently 
the  different  degree  of  monodoma in i zat ion  cf  the  crystals  ir  the  various 
tests. 


i 

j  (10.42) 


The  relations  between  the  coefficients  are  readily  found  by  substitu¬ 
tion.  Thus,  by  substituting  (10. -19)  into  (10.48)  and  comparing  with  (10.50) 
we  have: 


*tjk  **  — *l !a'wi< 
X’,J  •“  llj  +  *Umd)lm- 


(10.51) 

(10.52) 


Analogously,  we  obtain: 
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(10.53) 

(10.54) 

(10.55) 

(10.56) 

(10.57) 
(10.56) 


Ail  coefficients  are  related,  which  is  particularly  important  for 
crystals  with  the  ferroelectric  phase  transition. 

At  least  one  of  the  tensor  components  of  dielectric  susceptibilities 

X~  and  v°  has  an  anomaly  at  the  Curie  point.  Therefore  it  follows  from 
(10. 54)  that  either  the  piezoelectric  moduli  d  related  to  them,  or  piezo¬ 
electric  coefficients  g  also  have  an  anomaly.  Cn  the  basis  of  (10.55)  the 
same  can  be  said  of  coefficients  e  and  h.  As  we  will  see  later  on,  experi¬ 
ments  show  that  coefficients  d  and  e  are  anomalous,  and  piezoelectric 
coefficients  g  remain  practically  constant  during  the  phase  transition. 

This  indicates  that  the  spontaneous  polarization  that  occurs  is  not 
reflected  on  the  relation  between  such  crystal  parameters  as  deformation 
and  polarlzat'  a.  Therefore  spontaneous  deformation  can  be  regarded  as 
a  manifestation  of  the  inverse  piezoelectric  effect. 

It  follows  from  (10.57)  and  (10.58)  that  *»y  virtue  of  the  anomalous 
behavior  of  piezoelectric  coefficients  d  a?iu  e  in  the  region  of  the  ferro¬ 
electric  phase  transition,  the  coefficients  that  describe  clastic  properties 

n  E 

should  also  be  anomalous.  Tests  have  shown  that  s'  and  c'  also  display  an 
anomaly.  Tims,  by  way  of  summary  wc  will  note  that  coefficients  d,  e, 

c  j:  . 

s  and  c'  behave  anomalously  during  the  ferroelectric  ph'sc  Transition  as 
a  consequence  of  an  increase  of  v*  and  • 

In  equations  (10.45)-(10.50)  we  considered  only  the  terms  tha;.  are 
linear  with  respect  to  !’  and  E.  Quadratic  terms  could  also  be  considered. 
Then,  for  example,  instead  of  equation  (10.45)  for  a  mechanically  free 
crystal  w<  will  have 


(10.59) 
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If  polarization  in  the  ferroelectric  phase  is  regarded  as  the  sum  of 
spontaneous  and  induced  polarizations,  then  equation  (10.59)  will  become: 

[tA::in]  at)'f  lilJPlk  ■f'  lklJP^k  +  *t/klPikp  il  t  ‘*ijklPHPtl  +  *<JklP*kPkl-  (10.60) 
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Thus,  spontaneous  deformation  should  depend,  strictly  speaking,  on  P( 


It  follows  from  (10.62)  that  piezoelectric  coefficients  g  acquire  soire 
correction.  This  means  in  practice,  first  of  all,  that  piezoelectric 
coefficients  g,  and  consequently  the  corresponding  piezoelectric  moduli  d, 
which  were  equal  in  the  paraelectric  phase,  become  unequal  and,  secondly, 
new  piezoelectric  coefficients  appear.  Both  the  former  and  the  Matter, 
naturally,  correspond  to  the  reduction  of  symmetry  of  the  crystal.  All 
this  pertains  to  a  single-domain  crystal. 


A  crystal,  breaking  down  into  domains  in  the  ferroelectric  phase, 
thereby  reverts,  with  respect  to  its  macrosymmetry,  to  the  symmetry  of  the 
paraelectric  phase,  and  since  the  paraelectric  phase  is  piezoelectric,  then 
a  pc-lydomain  crystal  will  display  the  piezoelectric  effect  [2,  3].  This  is 
the  chief  difference  between  polydomain  crystals  of  ferroelectrics  that 
display  and  do  not  display  the  piezoelectric  effect  in  the  paraelectric 
phase. 


We  will  now  discuss  the  piezoelectric  and  clastic  properties  of  two 
of  the  most  thoroughly  analyzed  ferroelectrics  that  arc  acentrcsymmetric 
in  the  paraelectric  phase  --  potassium  dihydrophosphate  a,id  Seignette's 


salt . 


1.  Potassium  Dihydrophosphate 

K1LP0,  crystals  are  tetragonal  in  the  paraelectric  phase  (point 

4  4 


group  42m).  The  matrix  of  piezoelectric  moduli  for  this  phase  is  of  the 
form: 


0  0  0  0  0 
0  0  0  0  0 
0  0  0  0  0 


(10.64) 


•  •  -  c/ 

Spontaneous  polarization  occurs  on  the  z  axis.  Susceptibility  X-  on 

this  axis  obeys  the  Curie-Keiss  law.  Therefore,  according  tc  (10.54),  we 
car  expect  that  piezoelectric  modulus  d.^,  relating  polarization  on  the 

z  axis  to  mechanical  shear  stresses,  acting  in  plane  xy,  will  have  an 


3Cl  - 
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anomaly  at  the  Curit  point.  As  shown  by  the  investigation  of  Bantle  and 
Caflish  f 88}  of  the  direct  and  of  Arx  and  Bantle  [89]  of  inverse  piezo¬ 
electric  effect,  piezoelectric  modulus  d^g  increases  anomalously  as  it 

approaches  the  Curie  point  (Figure  10  41.  The  tempera' "re  dependence 
obeys  the  Curie-Weiss  law: 


</j, « dj,  +  jrzy~ 


(10.64) 


where  A  =  1.26*10* 


esu  and  =  -8*10"®  esu. 
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Since  dielectric 


susceptibility  also  obeys  the  Curie-Weiss  las» ,  then,  according  to  (10.54), 

piezoelectric  coefficient  g.^,  which  is  equal  tc  the  ratio  of  shearing 

deformation  for  o  =  0  to  polarization  P„,  is  not  anomalous  at  the  Curie 

point.  It  turns  out,  furthermore,  that  extrapolation  of  the  temperature 
dependence  of  g^  to  the  ferroelectric  phase  agrees  satisfactorily  with 

the  value  obtained  as  tJe  ratio  of  spontaneous  deformation  u,  to  spontaneous 

polarization  [90].  This  Is  illustrated  in  Figure  10. S,  where  the  temperature 

1  P5  P~ 

dependence  of  - —  *  is  gi,-en.  It  is  noteworthy  that  the  ratio  —  is  of 

g36  U6  u6 

the  same  order  of  magnitude  as  tb-»t  of  ether  Piezoelectric  crystals. 


Figure  10.5.  Temperature  dependence 
1  P- 

of  - =  —  for  mechanically  free 

8™ 


Figure  10.4.  Temperature  dependence 


of  piezoelectric  modulus  d.  of 

<50 


potassium  dihydrophosthate  crystal. 
1  •-  values  obtained  by  Bantle-  and 
Cuflish  [88]  during  measurement  of 
direct  piezoelectric  effect;  2  — 
values  obtained  by  Arx  and  Bantle 
[89]  during  measurements  of 
inverse  piezoelectric  effect. 
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potassium  ainydrophosphate  crystal. 
1/g,^  in  the  parael octree  phase  arc 

1  ^3 

—  =  g —  according 


calculated  from 

b36  u36  ^ 

to  experimental  values  of  and 

d,, .  The  point  in  the  ferroelectric 
,>6 

phase  was  found  as  the  ratio  of 
spontaneous  polarization  to  spon¬ 
taneous  deformation  (Do  Quervain 
[90]). 
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Thus,  we  are  convinced  by  example  of  potassium  dihydrophospliate  that 
piezoelectric  coefficient  g  has  no  anomaly  at  the  Curie  point,  and  the 
anomaly  of  the  piezoelectric  modulus  is  a  consequence  of  an  ^ of  the 
corresponding  dielectric  susceptibility,  and  that  spontaneous  deformations 
can  be  viewed  as  the  result  of  the  inverse  piezoelectric  effect  in  the 
presence  of  spontaneous  polarization.  It  was  mentioned  in  Cnapter  9  that 

the  difference  between  inverse  susceptibilities  (q“  -  n5)  in  the-  para- 

electric  phase  is  independent  of  temperature.  Therefore,  it  follows  from 
(10.56),  recalling  the  weak  temperature  dependence  of  g-^>  that  coefficient 

h-,^  also  changes  little  with  temperature.  In  other  words,  coefficients  g 

and  h  are  the  "true"  crystal  constants. 


For  the  mechanically  free  crystal,  according  to  (10.45)  =  g^P... 

Hence  it  is  clear  that  near  the  Curie  point,  where  polarization  is  a  non¬ 
linear  function  of  field  strength,  the  dependence  of  deformation  on  the 
field  should  also  be  nonlinear.  Furthermore,  nonlinearity  can  alsc  he 
caused  by  electrostriction ,  as  seen  in  (10.61).  Nonlinearity  of  the 
dependence  of  deformation  on  electric  field  strength  has  been  actually 
observed  experimentally  t8?].  Potassium  dihydrophosphate  at  the  C  :rie 
point  displays  a  rathei  large  change  of  susceptibilities  perpendicular  to 
the  axis  of  spontaneous  polarization  (Figure  9.3).  Hence,  according  to 
(10.54),  piezoelectric  modulus  d^  should  also  change.  Such  change  was 

actually  observed  experimentally  both  in  KH,P0}  t9l]  and  in  crystals  of 

isoitiorphic  compounds  KD^PO^  and  RblI^P0}  [92]  . 

Spontaneous  deformation  in  potassium  dihydrophosphate ,  as  already 
mentioned,  consists  in  displacement  in  the  base  plane,  with  the  result 
that  symmetry'  becomes  rhombic.  L.  the  new  coordinate  system  corresponding, 
to  this  symmetry  orthogonal  axes  x’  and  y’  extend  along  the  diagonals  of 
the  square  face  of  vhe  elementary  tetragonal  cell,  and  the  direction  of 
the  axis  remains  the  same.  Toe  matrix  of  piezoelectric,  moduli  of  the 
paraclectric  phase  in  the  new  coordinate  system  has  the  form: 
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(10.65) 


It  can  be  shown  that  d  ’  =  ci_,/2  avid  u!  +  ui  =  2u,*  =  u, .  Piezo- 
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electric  modulus  d Z,  is  anomalous  at  the  Curie  point.  In  the  ferroelccrris 


phase  potassium  dihydrophosphate  belongs  to  point  group  mm  with  the 
following  matrix  of  piezoelectric  moduli: 
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Due  to  the  reduction  of  symmetry,  equality  of  the  absolute  values  in 


two  pairs  of  piezoelectric  moduli  vanished  and  a  new  modulus  d'_'_  appeared. 


These  changes  can  be  interpreted  as  the  result  of  electrostriction  and 
spontaneous  polarization,  and  they  follow  directly  from  the  general 
examination  presented  at  the  beginning  of  this  section.  The  polydomain 
crystal  of  potassium  d i hvdrophosphate ,  as  a  ferroelectric  crystal  in  the 
paraelectric  phase,  retains  piezoelectric  properties.  Only  piezoelectric 
modulus  d"„  is  lost. 


a  a 


The  elastic  properties  of  potassium  dihydrephosphate  are  a  good 
illustration  or  the  features  that  should  be  observed  at  the  Curie  point  in 
the  behaviur  of  certain  elastic  coefficient*,  of  ferroelectrics .  The  matrix 
of  th*  coefficients  of  elastic  plirnev  of  potassium  dihydrephosphate  in  the 
paraelectric  phase  has  the  form: 
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near  the  Curie  point.  Hence,  according  to  (10. 57)  and  (10.58),  coefficients 
«*-  -  H 


and  should  change  anomalously  rith  temperature.  ihe  cause  of  the 


anomaly  is  the  following.  The  condition  H  =  const  is  realized  in  the  experi¬ 
ment  is  f.  =  0.  On  the  facet  perpendicular  to  the  z  axis  are  attached 
electrodes,  which  are  shortened,  ana  therefore  a  crystal  investigated  under 
these  conditions  is  often  a  "shorted"  crystal.  If  a  shorted  crystal  is 
acted  upon  by  shearing  stress  o^.,  then  polarization  oc.cu-s  or  the  z  axis. 

By  virtue  of  the  inverse  piezoclec*  *ie  effect,  this  leads  to  an  increase 
in  shearing  deformation  ufe.  This  effect  will  be  particularly  rrcat  near  the 


P  .  P 
66  anu  c66 
they  are  the  true  crvstal  constants 


Curio  point,  where  piezoelectric  modulus  d_.  increases  anomalously.  Hence 
t  •  r  >0  p  J 

the  pliancy  of  the  crystal  to  shearing  stresses  c  i.e.,  s,h, ,  should 


6*  *"'1  '  "66’ 

increase  anomalously  as  the  Curie  point  is  approached.  Tne  picture  should 
he  quite  different  for  P.  f-  const,  (the  so-called  "isolated"  crystal)  Now 
polarization  P_,  caused  by  stresses  ,  should  create  depolarizing  field 

E„  =  dnP..  which  reduces  poiiV.izat ion  almost  to  zero.  Thus,  conditions 

P  =  0,  a  special  case  of  P  =  const,  are  satisfied.  Since  polarization  dees 
not  occur,  there  is  no  reason  for  deformation  to  increase,  and  the 


coefficients  s,£  and  z'rr  display  no  anomalies  at  the  Curie  point,  j,e.. 


The  elastic  properties  of  potassium  dihydrophosphatc  and  the 
thermodynamic  conditions  under  which  measurements  were  made  by  one  method 


-  - 


or  another,  are  discussed  in  the  works  of  Zwicker  [93],  Mason  [94],  Jona 
[95],  Baumgartner  [96].  Experimental  results  showed  that  the  elastic 
coefficients  measured  for  E  =  0  actually  behave  anomalously  at  the  Curio 
point  (Figure  10.6).  The  Curie-Weiss  law 


t 


(10.68) 


where  P  =  4.6*  10“ 1  ’  cm2*deg/dyne,  is  satisfied  for  (s^  -  s^) .  This  is  not 

surprising,  recalling  (10.15)  and  (10.12).  The  coefficients  of  elasticity, 
not  related  tc  shear  in  the  xy  plane,  display  no  anomalies  at  che  Curie 
point  [93] . 


Figure  10.6.  Temperature  dependence 

of  coefficients  of  elastic  rigidity 

E  ,  9  .  P  ..  c 

c^  and  °*  potassium 

dihydrophcsphate  crvstal  (Mason 

[?4]). 


As  in  the  case  of  measurement 
of  permittivity,  during  investigation 
of  elastic  properties  it  is  necessary 
to  distinguish  to  what  conditions 
the  experimental  data  correspond  - 
isothermic  or  adiabatic  [96]. 


2.  Seignette's  Salt 


In  nonpolar  phases  (above  24  °C 
and  below  -1S°C)  Seignette's  salt 
belongs  to  rhombic  acentrosymmetric 
class  222,  The  matr'x  of  piezo¬ 
electric  moduli  for  these  phases 
appears  as  follows: 


cos  o  c 

0  0  0  o  Jjs  0 

0  0  O  o  0  dx 


(10.69) 


Spontaneous  polarization  occurs  on  the  x  axis.  Therefore  only  piez«j- 

vieci^ic  modulus  d,  ,,  whicn  relates  oolarization  on  the  ferroelectric  axis 
JN 


to  shearing  stress. 


moduli  d0j 


and  d36, 


should  be  anomalous  at  the  Curie  points.  Piezoelectric 
like  susceptibilit >' s,  are  not  anomalous  on  the  v  and  z 


axes,  and  are  only  slightly  dependent  on  temperature .  At  25°C  [97 ]  d.,_  = 

=  -1.69*1C'£  esu  and  =  0.3S5* 10“£  .esu.  New  piezoelectric  moduli  appear 

in  the  ferroelecrric  phase,  which  has  monoclinic  symmetry  by  virtue  of 
linearization  of  electrostriction ,  and  the  matrix  lias  the  form: 


*U  6i  *n  J|*  o  o 

0  0  0  0  i., 

•10  0  0  d,s 


365  - 


(10.701 


The  piezoelectric  properties  of  Seignette's  salt  have  been  investi¬ 
gated  throughout  the  years  by  ,.iany  researchers  [97-1 11  ].  The  first  efforts 
did  not  take  into  account  "he  fac"  that  during  measurements  of  piezoelectric 
modulus  d^  motion  of  domain  walls  may  play  ai.  important,  part.  When  an 

electric  field  is  applied  on  the  x  axis  movement  of  the  walls  can  lead  to 
sheiring  '.eformation  in  the  yz  plane,  i.e.,  coinciding  with  piezoelectric 
deformation.  Shearing  stresses  in  the  yz  plane,  in  turn,  change  the 
domain  structure  and  if  of  sufficient  magnitude,  can  make  the  crystal 
single-domain. 

The  process  of  polarization  and  repolarization  of  Seignette's  salt 
crystals  under  the  influence  of  mechanical  stresses  was  thoroughly  investi¬ 
gated  by  Zheludev  and  Romanvuk  [112],  If  for  piezoelectric  measurements 
the  experiment  is  set  up  so  that  domain  wall  motion  occurs,  this  may  lead 
to  values  of  piezoelectric  modulus  dj^  so  overstated  *hat  anomalies  will 

not  be  observed  near  the  Curie  points  [98].  Many  investigators  have 
managed  to  a  considerable  degree  to  avoid  domain  wall  movement,  finding 
maxima  on  the  temperature  dependence  [97,  100,  101,  ’07],  In  the  paru- 
electric  phase  above  the  upper  Curie  point  modulus  d ^  behaves  like 

dielectric  susceptibility  xa  (or  e  ).  The  temperature  dependence  of 

obeys  the  Curie-Weiss  law 

,  o 

"“■r-r,-'  (JO. 71) 


where  B  =  8.67*10~£  osu  in  the  25-34°C  temperature  range.  B  =  5.17-10~s  esu 
above  54°C.  The  analogous  reduction  of  the  Curie  constant  3lsc  occurs  in 
the  Cu-ie-Weiss  law  for  permittivity  (see  51,  Chapter  9).  The  ratio  of 
deformation  to  polarization  (i.e.,  piezoelectric  coefficient  g j ,)  depends 

little  on,  temperature  [107]  and  is  about  aqual  to  the  ratio  of  spontaneous 
deformation  to  spontaneous  polarization.  Piezoelectric  deformation, 
particularly  near  the  Curie  points,  like  polarization,  displays  saturation. 
There  is  alse  dispersion  of  modulus  d^.  It  is  noteworthy  here  that  the 

ratio  does  not  depend  on  frequency  [108]. 

Potchenkov  [110]  and  Schmidt  [HI]  recently  investigated  monoclinic 

piezoelectric  moduli  d,,,  d,,  and  Electro  friction  coefficients  cA  , 

\  ,  1 1  1 2  1 3  11 

'A,j  art  J  we:e  determined  from  measurements  in  paraelectric  phases  [113], 

and  were  computed  as  the  ratio  of  spontanec"*  deformations  Uj ,  u?  ant.  u_  to 

the  square  of  spontaneous  polarization  [114],  or  were  calculated  on  the 
basis  of  experimental  values  of  and  corresponding  coefficients  g  [111]. 

In  the  polydomain  state,  not  being  uninolar,  a  Seignette's  salt 
crystal,  according  to  the  general  rvlc  [2,  3],  has  the  symmetry  of  the 
paraelectric  phase,  and  therefore  retains  the  corresponding  piezoelectric 
moduli.  The  application  of  a  «ut  ct’stlj  strong  field  on  the  x  axis  leads 


to  rapolarization,  and  in  this  case  deformations  u^,  u?  and  are  quadratic 

functions  of  the  field.  This  phenomenon  can  be  regarded  as  electrostriction 
[115],  although  the  quadratic  dependence  is  a  result  only  of  repolarization. 

The  investigations  of  the  elast-e  properties  of  Seignette's  salt  3re 

rather  numerous  [97,  '09,  116-124],  All  coefficients  of  elastic  pliancy  s 

and  rigidity  e,  with  the  exception  of  s,.  =  1/c,,,  have  a  very  weak 

^  44  p  -14 

temperature  dependence  [123].  Coefficient  s.,  is  practically  indepet  '  nt  of 

temperature  and  mechanical  stresses,  whereas  s^ ^  is  anomalous  at  the  Curie 

point  and  depends  substantial 1\  on  mechanical  stresses.  According  to 
Mueller's  data  [117],  at  tempqtatures  above  the  top  Curie  point  the 
HP 

difference  s.‘.  -  s,,  obeys  the  Cur  ie-h'eiss  law 
4-i  44 


(10.72) 


where  D  =  6.7*10"  cnT-deg/dyne .  Application  of  a  biasing  field  on  tne 
ferroelectric  axis  leads  to  an  increase  in  the  coefficient  of  elastic 

rigidity  c^'4  [118,  120,  122].  In  the  paraelectric  phase  this  can  be  the 

consequence  of  reduction  of  dielectric  susceptibility  under  the  influence 
cf  a  biasing  field.  The  fact  that  adiabatic  coefficients  of  elasticity, 
which  differ  from  the  isometric  coefficients  in  the  presence  of  a  biasing 
field  [96],  are  measured  when  dvnamic  methods  are  used  may  also  be 
important.  In  the  ferroelectric  phase  the  biasing  field  will  have  an 
effect  c:i  elastic  properties,  chiefly  by  virtue  of  change  of  the  part 
played  by  domain  wall  movements  in  shearing  deformations. 

§3.  Absorption  of  Ultrasound  and  Internal  Friction  in  Ferroelectrics 


In  the  region  of  the  Curie  point  ferroelectrics  display  anomalously 
large  scattering  of  energy  during  elastic  vibva  ons  at  sonic  and  ultrasonic 
frequencies.  This  phenomenon  is  usually  invest igs’ed  by  measuring  the 
absorption  of  ultrasound  or  b*  investigating  the  attenuation  of  free 
vibrations  of  the  mechanical  i esonanto  •?  made  of  ferroelectric  crystals. 
These  methods  were  used  to  investigate  Seignette's  salt  crystals  [85,  120, 
122,  125-132],  trir’yeine  sulfate  and  compel  ds  isomorphic  to  it  [87,  127, 
133-136];  KH-jPOj  [137],  und  also  certain  ceramic  ferroelectrics  [138-141]. 

*►  *T 

All  experimental  works  indicate  that  at  the  Curie  point  the  coefficient  of 
absorption  of  ultrasound  has  an  anomalously  high  peak  (Figure  10.7). 


The  decrement,  of  attenuation  of  i.  vibrations  of  mechanical 
resonators  made  of  ferroelectric  crystal.'  ehaves  similarly,  the  anomalous 
absorption  of  sound  in  the  region  of  the  v.urie  poii  t  in  Seignette's  salt 
crystals  is  manifested  most  strongly  during  shearing  vibrations  in  the 
plane  perpendicular  to  the  ferroelectric  axis,  i.e.,  -.-hen  the  character 
of  deforma* ion  during  vibrations  is  the  same  as  during  spontaneous 


-1.3  -1.0  •'.«  0  0.3  tOil'C 

Figure  10.7.  Temperature  dependence  of  ultrasound  absorp¬ 
tion  coefficient,  (k)  of  triglycine  sulfate  crystal,  £T  = 

=  T  -  T  .  Ultrasonic  wave  longitudinal,  propagating  on 

z  axis  (Minayeva,  et  al  [13611.  1  --  5  MHz ;  2  --  10 

MHz;  3  --  15* MHz. 

polarization.  1110  ultrasound  absorption  coefficient  in  tie  paraelectric 
phase  near  the  Curie  point  in  the  ferroelectric  phase  alse  depends  sub¬ 
stantially  oh  the  biasing  field  on  the  ferroelectric  axis.  In  the  ferro¬ 
electric  phase  the  absorption  coefficient  first  increases  when  the  shearing 
stress  is  increased,  and  then  diminishes.  During  cyclic  change  of  the 
field  the  absorption  ^efficient  describes  a  butterfly-like  curve.  The 
nature  of  great  absorption  in  the  ferroelectric  phase  is  doubtless.  It  is 
displacement  of  the  domain  walls. 

The  analogous  phenomenon  occurs  also  in  ferromagnetics,  where  the 
absorption  of  sound  is  also  great.  The  absorption  coefficient  peaks  at  the 
Curie  point  an*’  depends  or.  the  constant  magnetic  field  anplied  to  the 
specimen.  The  dependences  of  the  aosorption  coefficient  on  temperature  and 
biasing  field,  experimentally  observed  in  the  ferroelectric  phase,,  can  be 
easily  interpreted,  qualitatively,  as  the  domain  mechanism.  In  this  case 
it  is  difficult  to  formulate  any  t'eory.  Of  greatest  importance,  obviously 
are  investigations  of  ferroelectr^ s  with  the  second  order  phase  transition 
in  the  immediate  vicinity  of  the  Curie  point. 

The  question  of  sound  absorption  near  the  second  order  phase  transi¬ 
tion  was  examined  theoretically  by  Landau  and  Khalatriikov  [142].  They  used 
for  the  case  of  the  second  order  phase  transition  the  general  theory  of 
relaxation  absorption  of  sound  [145]  and  demonstrated  that  the  temperature 
dependence  of  the  sound  absorption  coefficient  is  governed  by  the  increas-'d 
relaxation  time  of  the  transition  parameter.  For  ferroelcctrics  the 
parameter  is  spontaneous  polarization.  As  a  sound  wave  propagates  it 
becomes  absorbed  as  a  result  of  the  relaxation  mechanism,  by  virtue  of  the 
fact  that  the  deformations  that  occur  alter  the  equilibrium  value  of 


polarization.  The  investigations  of  Kcsscnikh,  et  al  [132]  on  frequencies 
of  10-200  kHz  show  t^at  Scignette's  salt  has  at  least  two  mechanisms  of 
sound  absorption.  One  is  described  by  the  Landau-Khalatnikov  theory,  where 
relaxation  time  is  approximately  10"9/AT  (AT  is  the  distance  from  the  Curie 
point).  The  second  mechanism  is  frequency- independent ,  and  its  nature  is 
not  clear. 

When  a  linear  relationship  exists  between  the  transition  parameter 
and  deformation,  anomalous  absorption  cannot  be  explained  from  the  stand¬ 
point  of  the  Landau-Khalatnikov  theory.  This  pertains  to  the  paraelcetric 
phase  of  all  crystals  which  arc  centrosymmetric  in  this  phase,  and  also  to 
centrosymmetric  crystals  in  the  case  when  the  nature  of  the  vibration  is 
such  that  due  to  the  absence  of  the  corresponding  piezoelectric  coefficient 
there  is  no  linear  relationship  between  deformation  and  polarization.  Some 
consider  that  anomalous  absorption  in  this  case  is  the  result  of  the  inter¬ 
action  of  the  sound  wave  with  thermal  fluctuations  of  the  transition  para¬ 
meter  [144,  145]. 

The  fluctuation  mechanism  of  absorption  is  discussed  by  Lcvanyuk, 
et  al  [136,  145,  146].  Also  noteworthy  among  the  theoretical  investigations 
pertaining  tc  the  problem  of  the  propagation  and  absorption  of  sound  waves 
in  ferroeleetrics  is  Sannikov's  work  [147],  who  conducted  a  phenomenological 
examination  of  the  relationship  between  electromagnetic  and  acoustic  waves, 
and  also  the  work  of  Tani  and  Tsuda  [1481.  It  is  shown  in  the  latter  work 
that  the  anomalous  behavior  of  one  of  the  transverse  optical  modes  near  the 
Curie  point  in  ferroelectric?  of  the  displacement  type  may  also  icad 
through  phonon-phonon  interact  on  to  anomalous  behavior  of  sound  waves. 

In  the  single-domain  state  and  far  from  the  Curie  point  there  is 
apparently  no  mechanism  characteristi-  of  ferroelectric.?,  which  would  lead 
to  great  absorption.  This  is  supported  by  investigations  of  the  propaga¬ 
tion  of  longitudinal  hypersonic  waves  in  single-domain  LiNbO_  crystals. 

It  seems  that  these  crystals  display  attenuation  of  clastic  waves  in  the 
UHF  range  by  one  order  of  mag',  tude  less  than  in  quartz,  and  the  effective¬ 
ness  of  the  conversion  of  electromagnetic  vibrations  into  elastic  vibra¬ 
tions  is  greater  [14y-152].  It  is  noteworthy  that  elastic  waves  of  such 
high  frequencies  can  be  rather  easily  excited  in  a  crystal  by  the  method 
proposed  by  Baranskiy  [155].  One  of  the  ends  of  the  specimen  is  placed  in 
the  loop  of  the  electric  field  of  a  coaxial  resonator  or  in  the  loop  of 
the  electric  field  at  the  end  of  ?  closed,  coaxial  line,  and  elastic 
vibrations  are  exicted  with  the  aid  of  the  piezocffe-ct .  As  shown  by  the 
investigations  of  Lemanov,  et  al  [152],  attenuation  in  the  200-2,000  MHz 
range  has  a  quadratic  frequency  dependence,  which  is  in  accord  with  the 
general  theory  o.  attenuation  of  elastic  waves,  advanced  by  Akhiyezer  (154, 
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CHAPTER  11.  ELF.CTROOPIIC  AND  CERTAIN  OTHER  NONLINEAR  OPTICA!,  PHENOMENA  IN 
FERROELECTRIC'S 

Nonlinear  optical  phenomena  —  generation  of  optica'  harmonics,  the 
electrooptic  effect,  optical  detection  and  other  phenomena  are  related  to 
the  dependence  of  the  refraction  coefficient  of  a  medium  on  the  electric 
field  strength.  They  occur  as  a  result  of  the  nonlinear  dependence  of 
polarization  of  the  medium  on  tiie  electric  field. 

It  is  clear  from  general  considerations  that  ferro-  and  antiferro- 
e’ectrics,  which  are  characterized  by  high  polarization  capacities,  should 
also  display  substantial  dependence  Oi  polarization  capacity  on  the  field 
and  also  great  nonlinearity.  The  time-averaged  free  energy  of  unit  of 
volume  "p  of  the  medium  on  which  acts  a  light  field  with  amplitude  l;  ant 
low-frequency  field  (static  field  in  the  particular  easel  with  amplitude 
E^,  cap  be  represented,  according  to  [1],  in  the  form: 

. . .  4-  A,  *  r:/:/;/:* •!  x, :  ik  +  ...  (  1  •  ) 

The  coefficients  Xj  and  Xt  arc  linear  susceptibilities  for  fields  of 
the  corresponding  frequencies.  Coefficients  of  the  type  Xj  and  X_  are  non¬ 
linear  susceptibilities,  which  describe  the  generation  of  optical  h-rmonics. 
Coefficients  of  the  type  X?  and  Xj  ate  nonlinear  susceptibilities,  which 

describe  linear  and  quadratic  clectrooptic  effects,  respectively  (Peckcls' 
effect  and  Kerr's  effect).  X  and  X  are  tensors,  the  order  of  which  corre¬ 
spond  to  the-  nu.'b’r  of  points.  The  letter  E  conditionally  denotes  the 
amplitudes  of  the  light  fields  of  the  various  frequencies  which  are  written 
in  the  form: 

(here  k  is  the  wave  vector,  r  it  the  radius  vector,  w  is  the  frequency  of 
the  light  f i ds) . 


Not  all  terms  ate  written  in  'J  >  expression,  even  in  the  examined 
orders  of  the  expansion,  and  the  processes  of  excitation  of  acoustical 
and  optical  phonons,  diffusion  of  light  cn  acoustical  and- optical  phonons, 
Faraday's  effect,  etc.,  are  not  taken  into  account,  We  will  turn  now  to 
the  elsctrooptic.  effect. 

§ l  General  Concept  of  the  F.lectrooptic  Effect  in  Ferroclectrics 

Under  the  corditions  of  investigation  of  the  electrooptic  effect 
(H  is  small,  is  large)  polarisation  of  the  medium  will  have  the  form: 

?  -  7P x  =  +  x  i  f£o  -b  x  :  E£.,k„  +  . . .  (11.3) 

The  electrooptic  effect  is  manifested  in  the  dependence  of  birefrin¬ 
gence  of  crystals  on  a  strong  stationary  or  variable  field  applied  to  the 
specimen.  Reviews  [2-4]  examine  the  electrooptic  effect  in  ferroelectric.?. 

We  will  examine  the  generally  accepted  description  cf  the  electro¬ 
optic  effect  in  crystals  using  the  optic  indicatrix,  and  then  show  how 
the  coefficients  of  the  clectrooptic  effect  are  related  to  the  corresponding 
nonlinear  susceptibilities.  The  optic  indicati  x  or  ellipsoid  of  refraction 
indices  describes  the  dependence  of  the  refract ioi  coefficients  of  a 
crystal  on  direction.  Its  equation  has  the  form 


•> «•  i. 


(11.4) 


where  a.,  are  the  polarisation  constants,  x.,  x.  arc  coordinates,  -  1/c  = 


i/n‘,  e  is  permittivity,  n  is  the  refraction  index.  On  the  nrinc.ua l 
axes  Sj,  =  1/Ejj  -  l/n‘ .  a,,  =  1.  c,,  -  1/n*,  a._  =  l/t._  =  l/ni  who.  1  nj , 


n0,  n_  are  the  principal  refraction  indices.  The  elccP'copt ic  effect  is 

described  by  the  change  of  po lari  eat.  ion  constants  when  an  electric  fielu 
is  applied  (the  frequency  of  which  is  below  the  frequency  of  the  light), 
which  can  he  represented  graphically  as  di  tion  of  the  ellipsoid  of 
refraction  Indices  (optic  indicatrix"',  reJn_od  to  deformation  and  rotation: 


•111.5) 


where  La..  =  a.  .  (f. )  -  a..  (01  is  the  increment  of  polarisation  constants; 
n  li  li  ' 


Ej. ,  E,  arc  the  vector  components  of  electric  field  strength,  Tlie  terms 


containing  three  and  more  high  field  strength  powers  are  usually  ignored. 
The  first  term  characterizes  the  linear  clectrooptic  effect,  and  the 


second  --  quadratic  clectrooptic  effect;  r.  are  the  coefficient?  of  the 


lin-u-r  elcctrocptic  effect,  being  third  class  tensor  components:  R..,.-  are 

1  I  ]  i\  , 


the  coefficierts  of  th^  'uadratic  clectrooptic  effect,  being  fourth  class 


■iia^aaa 


£i£%sa 


tensor  components.  The  coefficients  of  linear  e'iectrooptic  effect  r  are 
related  to  nonlinear  susceptibilities  X,  which  describe  the  linear  electro- 
optic  effect.  This  relationship  can  be  proved  for  the  isotropic  case  by 
the  following  simple  method:  without  a  field  n02  =  1  ♦  4trx,  and  when  a 
strong  field  is  applied 

+  (n.6) 

On  the  Gther  hand,  from  equation  (11.5) 

*  1  **yk 

4*£t,a'  (11.7) 

Consequently  there  exists  between  r  and  X  a  relation  of  the  type 

(11.8) 


—  x 


The  analogous  relation  exists  between  the  coefficients  of  the  quadratic 
eleetrooptic  effect  and  the  coefficients  of  nonlinear  susceptibilities. 

We  will  write  the  matrix  form  of  the  coefficients  of  the  linear 
effect  in  two-index  notation: 


ft 

ft 

ft 

••••*»» 

r:a 

rn 

4 

.  .  .  .  r,j 

'n 

OS 

*a — «Ji 

.  ...  rn 

rn 

'a 

«jj  .  . 

.  ...  rix 

ra 

'a 

*3>,  •  ' 

.  ...  ru 

rw 

'a 

«IJ  •  • 

....  ru 

Here  a..,  a„_,  a(l_  are  the  principal  polarization  constants  in  the 

ii  a  q  0  0 

absence  of  an  electiic  field  (a.,^  =  =  a^  -  0)'.  3^,  a._ ,  a,_, 

a31’  al2  are  t*ie  P°larization  constants  in  the  pre  .ence  of  an  electric 
field,  the  components  of  which  on  the  axes  are  E, ,  E,,  E, . 

The  matrices  of  the  coefficients  of  the  linear  optic  effect  are 
quite  analogous  to  the  matrices  of  piezoelectric  coefficients,  and  the 
matrices  of  the  coefficients  of  the  quadratic  effect  --  to  th<  matrices 
of  electrostriction  coefficients. 

The  matrix  notation  of  the  coefficients  of  ti«  quadratic  -lectro- 
optic  effect  has  the  form: 
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Here  two-index  symbols  are  used  for  t'  ?  fourth  class  tensor  and  the 
following  definitions  an  introduced:  E jE|  =  E},  =  E*,  EjEj  -  Ej, 


E3E2  *  E2E- 


‘  E,,  E, £,  =  E 


“4*  13 

Aa2  =  a22  "  a22*  Aa3  =  a 


3  1 


b,B,  =  E,E, 


-5,  ~j~, 

Aa 


EI;  AaI  =  3ll 


-  a 


ir 


33  '  a33*  ^4  x  a23*  A35  =  a31 


Aa,  =  a. 


The  linear  electrooptic  effect  coexists  with  the  ir-msc  piezo¬ 
electric  effect  in  a  mechanically  free  crystal.  As  a  resuit  of  the  inverse 
piezoelectric  effect  the  electric  field  will  cause  deformation  of  the 
crystal,  which  will  lead,  by  virtue  of  the  piezooptic  effect,  to  a  change 
in  polarization  constants.  A  change  in  polarization  constants  not  related 
to  the  inverse  piezoelectric  effect  when  a  field  is  applied  to  a  crystal 
.5  called  the  true  inear  electrooptic  effect.  A  change  in  polarization 
constants  caused  by  the  inverse  piezoelectric  effect  is  called  a  false 
electrooptic  effect.  The  summary  electrooptic  effect  is  measured  experi¬ 
mentally.  The  first  term  of  equation  (11. Sj  can  be  written  in  the  form: 


•»  (•?/*  -f  J  £». 


(11.9) 


where  rt ^  are  the  coefficients  of  the  true  electroeptic  effect,  are 

the  tensor  components  of  the  elastooptic  coefficients  and  are  the 
piezoelectric  coefficients. 

The  quadratic  electrooptic  effect  is  also  divided  into  true  and 
false.  The  true  quadratic  electrooptic  effect  is  not  related  to  deforma¬ 
tion  of  a  crystal  by  electrostriction  when  a  field  is  applied,  and  a  false 
quadratic  electrooptic  effect  is  determined  by  such  deformation. 

10  exclude  a  false  electrooptic  etfect  measurements  must  be  made 
in  a  variable  electric  field,  the  frequency  of  which  is  greater  than  the 
resonance  frequencies  of  the  specimen,  so  that  the  specimen  can  be  regarded 
as  "clamped."  Measurements  may  also  be  done  by  th**  static  method  and  the 
summary  effect  measured,  after  which  the  false  one  is  excluded  from  it  by 
calculating  it  from  measurement  data  of  elastooptic  and  piezoelectric  or 
electrostriction  coefficients. 

The  equations  of  the  electrooptic  effect  can  also  be  written  through 
crystal  polarization  vector  components  instead  of  field  strength.  Such 
notation  is  quite  convenient  for  ferroelectric  crystals.  Actually,  using 
the  coelfKients  or  ,  from  relations 


4*iy»  +  St  (jttfkPl. 


(11.10) 


where  m. are  linear  and  M. .. ,  are  quadratic  electrooptic  coefficients, 

13K  1JKZ.  ^ 

and  P.  arc  components  of  complete  polarization  of  a  crystal,  we  exclude  the 
effect  of  the  temperature  dependence  of  permittivity  entering  in  P^.  In 
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many  cases,  therefore,  coefficients  and  display  an  extremely 

weak  temperature  dependence.  J  ^ 

The  electrooptic  coefficients  are  usually  determined  by  measuring 
the  intensity  of  the  light  passing  through  a  crystal  placed  between  crossed 
polarizers,  depending  on  the  strength  of  the  field  applied  to  the  crystal. 

The  birefringence  of  the  crystal  is  determined  from  intensity  measurements. 
When  the  difference  between  the  paths  of  the  ordinary  and  extraordinary 
rays  of  sc-me  intensity  is  equal  to  X/2,  then  intensity  is  maximal.  This 
intensity  is  called  the  half-wave  intensity.  It  is  related  by  means 

of  simple  relations  to  the  electrooptic  coefficients. 

All  ferroelectrics  display  the  linear  electrooptic  effect  below  the 
Curie  point,  since  they  lack  a  center  of  symmetry.  The  quadratic  electro- 
optic  effect  is  observed  both  in  the  para-  and  in  the  ferroelectric  phases, 
regardless  of  the  presence  or  absence  of  a  center  of  symmetry,  if  3  center 
of  symmetry  exists  in  the  paraelectric  phase,  there  ?.je  only  even  electro¬ 
optic  effects  in  it.  If  such  a  crystal  is  separated  into  domains  in  the 
ferroelectric  phase,  then  too  only  even  effects  can  be  observed,  since  odd 
effects  are  compensated  in  various  domains  (unipolarity  is  not  considered) . 

If  a  crystal  broken  down  into  domains  lacks  a  center  of  symmetry  m  the  para¬ 
electric  phase,  odd  effects  may  occur,  since  the  macrosymmetry  of  the  crystal 
when  broken  down  into  domains  corresponds  to  the  symmetry  of  the  paraelectric 
phase  [5].  A  crystal  broken  down  into  domains  will  lack  the  components  of 
odd  effects  that  appeared  as  a  result  of  linearization  of  the  even  effects 
(see  below). 

The  magnitude  of  the  refraction  coefficients  of  crystals  depends 
largely  cn  the  electron  energy  levels  --  their  positions  and  probability  of 
transition  between  them.  Therefore  one  of  the  most  important  mechanisms  of 
the  electrooptic  effect  and  other  optic  nonlinear  effects  is  related  to 
displacement  of  these  levels  in  an  electric  field. 

Several  attempts  have  been  made  to  tie  in  zonal  structure  with  the 
polarization  of  a  crystal .  The  zonal  structure  of  strontium  titanate  was 
analyzed  (6]  and  it  was  found  that  displacements  of  ions  has  a  notable 
influence  on  the  magnitude  of  the  smallest  energy  slot  between  the  valence 
zone  formed  by  the  2p-electTons  of  oxygen,  and  the  conductance  zone  formed 
by  the  Id-electrons  of  titanium.  The  change  in  the  width  of  the  slot 
changes  the  electron  polarization  capacity.  The  electrooptic  effect  is 
examined  in  (7]  and  more  completely  in  [8]  on  the  basis  of  the  results  of 
[6]  as  a  result  of  change  of  zonal  structure  during  polarization  of  the 
perovsi'ite  type  lattice. 

It  can  be  concluded  on  the  basis  of  investigations  of  the  dispersion 
of  electrooptic  coefficients  and  electroreflection  in  crystals  of  the 
perovskite  type  that  the  strong  absorption  bands  in  the  ultraviolet  region, 
corresponding  to  4-6  eV  [9-12]  are  the  largest  contributors  to  the  refrac¬ 
tion  coefficients  and  electrooptic  effect  in  the  visible  region  of  the 
spectrum. 


The  electrooptic  effect  can  be  described  with  the  aid  of  the 
phenomenological  model  proposed  in  [13].  Examination  of  the  motion  of  an 
anharmonic  oscillator,  used  by  Blombergen  [14]  to  describe  optical  non¬ 
linear  properties,  is  based  on  this  mod&l.  To  an  electric  field  of 
optical  frequency  is  added  a  stationary  local  field.  The  equation  of  motion 
of  an  electron  in  the  unidimensional  case  with  consideration  of  anharmonic 
perturbation  then  acquires  the  form: 


*  +  Ti  +  •**  +  i,»  -  £  (£{«,»)  +  fX  (0)). 


(11.11) 


where  T  is  the  attenuation  constant,  ioQ  is  the  resonance  frequency,  b  is 

the  anharmonic  force  constant,  e  is  charge,  m  is  electron  mass,  E('u),  t) 
is  the  electric  field  of  a  light  wave  with  frequency  uj,  F.(0)  is  an  external 
stationary  electric  field,  3  is  a  parameter  of  the  local  field. 

This  model  yields  ar,  expression  for  linear  electrooptic  coefficient  r: 


l»'-iW 
■  1 


(11.12) 


where  Nq  is  the  number  of  oscillators  per  unit  volume.  After  renlaoing  the 

term  bx2  with  cx3  we  obtain  an  expression  for  the  quadratic  electrooptic 
coefficient.  In  either  case  the  dependence  of  the  electrooptic  coefficients 
on  frequency  contains  the  factor  (n'  -  1)  2/n'* .  This  agrees  very  well  with 
experimental  data  on  the  dispersion  of  electrooptic  coefficients  in 
crystals  with  the  perovskite  structure  [15],  and  in  lithium  niooate  [16]. 

On  transition  to  the  ferroelectric  state  the  quadratic  effect 
becomes  linearized  in  a  manner  analogous  to  the  linearization  of  electro- 
strictien  and  the  appearance  of  the  piezoelectric  effect.  Actually,  if 
birefringence  is  proportional  to  the  square  of  polarization,  in  the  ferro¬ 
electric  phase,  where  induced  polarization  P.  is  much  less  than  s^crtaneous 
P  (P.  «  P  )  7n 
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A*  -  *  (P,  +  P  J*  ss  *l>|  +  »/>,/>,  =•  A  +  BP,, 


(11.15) 


and  A  and  R  are  certain  constants,  i.e,,  the  linear  electrooptic  effect  will 
be  observej.  Its  magnitude  is  proportional  to  spontaneous  polarization. 

It  is  this  very  phenomenon  that  takes  place  in  ferroelectrics  of  the 
perovskite  structure,  which  do  not  display  the  linear  electrooptic  effect 
in  the  paraelcctric  phase.  If  the  linear  effect  occurs  in  the  paraelectric 
phase,  then  on  trans-'tion  to  the  ferroelectric  state  new  components  of  the 
linear  effect  will  a.- >ear  as  a  result  of  linearization  of  the  quadratic 
effect  [17,  18].  Du.  new  tensor  components  of  the  linear  electrooptic 
coefficients  r. .  appear  to  be  proportional  to  the  product  of  e  (more 

accurately,  induced  polarization)  and  spontaneous  polarization.  The  new 


tensor  components  will  be  proportional  to  spontaneous  polarization. 
Components  nu.,  not  being  the  result  of  linearization,  depend  little  on 


temperature, 


§2.  Spontaneous  Electrooptic  Hffec' 

Birefringence  in  barium  titanate,  as  shown  in  [19,  20],  is  propor¬ 
tional  to  the  square  of  total  polarization  of  a  crystal.  Analysis  of 
birefringence  of  barium  titanate  in  the  region  of  the  Curie  ooint  during  the 
application  of  strong  electric  fields,  carried  out  in  [19],  verified  the 
quadratic  dependence  of  birefringence  on  polarizrtion  during  field-induced 
(or  forced)  ferroelectric  transitions.  At  the  Curie  point  there  is  a  sharp 
change  in  birefringence.  The  temperature  dependence  of  the  birefringence 
of  barium  titanate  according  to  [19]  and  of  lead  titanate  according  to  [20] 
is  shown  in  Figures  11.1  and  li.2. 


Figure  11.1.  Temperature  dependence  Figure  11.2.  Temperature  dependence 

of  birefringence  of  four  barium  of  birefringence  of  lead  titanate 

titanate  crystals  (Meyerhofer  [19]).  (Shirane  [20]). 

The  change  of  birefringence  at  the  Curie  point  can  be  regarded  as  a 
spontaneous  electrooptic  effect  caused  by  spontaneous  polarization.  There¬ 
fore,  in  crystals  of  the  perovskite  type,  for  instance,  the  relation  An  = 

=  const  Pz,  where  P  is  total  polarization,  including  spontaneous  and  induced 
polarization,  is  satisfied  in  some  temperature  range  near  the  Curie  point, 
for  both  birefraction  in  the  absence  of  a  field  (natural  birefraction)  and 
application  of  external  electric  fields  [19,  21].  In  particular,  the 
magnitude  of  linear  coefficient  m,_  in  barium  titanate,  determined  by 

measuring  the  natural  birefringence  and  spontaneous  polarization  [22], 
agrees  satisfactorily  with  that  obtained  from  analysis  of  an  induced  electro- 
optic  effect  in  tetragonal  barium  titanate  [23]. 

The  temperature  dependence  of  the  birefringence  of  lithium  niobate 
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was  recently  analyzed  [24,  25],  Tnis  crystal  is  optically  negative  at  room 
temperature.  As  the  temperature  rises,  negative  birefringence  diminishes, 
vanishes  near  880°C  and  then  becomes  positive,  increasing  almost  up  to  the 
Curie  point  itself.  In  the  vicinity  of  the  Curie  point  the  increase  of 
A(ne  -  t»q)  slows  down  (ng  is  the  index  cf  extraordinary  refraction  and  n^ 

is  the  index  of  the  ordinary  ray) ,  related  to  the  disappearance  of 
spontaneous  polarisation. 

Repeated  attempts  have  been  made  to  compute  the  birefringence  of 
barium  titanate  and  certain  other  ferroelectrics  with  the  perovskite 
structure,  resulting  from  the  spontaneous  electrcoptic  effect,  on  the  basis 
of  a  model  of  point  polarized  ions  in  the  assumption  of  isotropic  polariza¬ 
tion  [26-30].  The  results  of  these  works  disagree  with  each  other  and  with 
experimental  data.  According  to  experimental  data  [19,  31,  32],  barium 
titanate  is  an  optically  negative  crystal.  Certain  calculations,  however, 
have  produced  a  positive  value.  In  the  latest  works  [27,  30]  a  value  close 
to  zero  has  been  found.  This  discrepancy  between  theoretical  and  experi¬ 
mental  data  is  usually  explained  at  the  present  time  by  the  need  to  take 
into  account  the  anisotropy  of  the  polarization  of  oxygen  ions. 

Polarization  anisotropy  should  be  the  result  of  large  internal  fields 
that  act  in  ferroelectrics ,  which  can  lead  to  saturation  of  electron  polari¬ 
zation  due  to  overlapping  of  electron  shells  during  large  displacements  of 
ions.  The  complex  temperature  dependence  of  the  birefringence  of  PbTiO^ 

(Figure  11.2)  is  perhaps  related  to  the  influence  of  the  polarization  aniso¬ 
tropy  of  oxygen.  This  explains  the  failure  of  attempts  to  correlate  the 
temperature  dependence  of  the  birefringence  of  perovskite  type  ferro¬ 
electrics  far  from  the  Curie  point  with  only  the  temperature  dependence  of 
lattice  distortions  which,  in  turn,  are  presumably  proportional  to  the 
square  of  spontaneous  polarization.  The  effects  of  saturation  of  optic 
dielectric  permittivity  in  the  direction  of  spontaneous  polarization 
possibly  play  a  lesser  role  in  ferroelectrics  of  the  groups  potassium 
dihydrophosphate,  Seignette's  salt,  triglycine  sulfate  and  others,  than 
in  ferroelectrics  cf  the  perovskite  type,  due  to  the  smaller  refraction 
indices  and  complex  configuration  of  internal  fields,  not  parallel,  to  the 
resulting  polarization  [33]. 

§3.  F.lectrooptic  Properties  ot  Certain  Ferroelectrics 

We  wi.'l  now  examine  the  electrooptic  properties  of  certain  ferro¬ 
electrics  in  greater  detail. 

The  matrix  of  quadratic  electrooptic  coefficients  for  the  cubic 
phase  of  peiovskite  type  crystals  (point  group  of  svmmetry  m3m)  has  the  form 
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Thus  there  are  three  different,  nonzero  electrooptic  coefficients 
Rn*  Ru  anti  R44* 

optic  indicatrix  for  such  crystals  in  the  absence  of  an  external 
field  ir<  described  by  the  equation 


(11.14) 


,  0  i/02 

where  a  =  1/n  . 

When  a  field  is  applied  in  direction  <100>  the  optic  indicatrix 
deforms  and  its  equation  acquires  the  form 


(«• + *„£!)  *»  +  («•  +  *,»£■{>  <»■  +  «5)~i. 


(11.15) 


The  crystal  becomes  uniaxial.  The  principal  axes  of  the  deformed 
indicatrix  coincide  with  the  principal  axes  of  the  nondeformed  indicatrix. 

Induced  birefringence  during  propagation  of  light  in  direction  <001> 
is  related  in  this  case  to  field  intensity  by  the  equation 


— «»)  «!• 


(11.16) 


For  determination  of  R^4  the  field  must  be  applied  in  direction  <110>, 

ar.d  the  light  should  propagate  in  direction  <001>.  Then  birefringence  will 
be 


4a— (E*. 


(11.17) 


The  analogous  relations  are  also  derived  for  coefficients  M. 


The  magnitude  of  electrooptic  coefficients  R.^  of  barium  titanate  in 

the  paraelectric  phase  diminishes  as  temperature  rises  approximately  in 
correspondence  with  the  reduction  of  permittivity  [34] . 

Coefficients  M.^  for  many  compounds  of  the  yerovskite  class,  on  the 

other  hand,  are  practically  independent  of  temperature.  Here  M.^  for  such 

crystals  as  BaTiO^,  KTaO^,  SrTiO^,  KTa0  25^3^^  differ  very  little 

from  each  other  [10]  (Table  19).  This  is  an  argument  in  favor  of  e  general 
mechanism  of  the  electrooptic  effect  in  these  crystals,  related  to  the 
effect  of  the  field  on  interzone  transitions  between  the  2p-valence  2one  and 
the  nd-conductance  zore  (r.  =  3,  4,  5  for  titanium,  niobium  and  tantalum  ions) 
[9-12]. 


Electrooptic  analyses  in  a  wide  range  of  wavelengths  are  very 


important  for  investigations  of  the  relationship  between  electron  zonal 
structure  of  crystals  and  the  magnitude  cf  the  electrooptic  effect. 
Coefficients  in  crystals  of  the  perovskite  type  have  recently  been  found 

to  increase  as  wavelength  decreases,  starting  with  wavelengths  of  ~0.4  u 
[10].  Here  the  experimental  data  conform  with  the  dispersion  theory  in 
sing 1 e -osc i 1 1 ator  approx imat i on . 

It  was  recently  shown  that  certain  perovskite  type  crystals  of 
complex  composition,  in  particular  PbMg^-^n^^-O,  [35-38],  display  a  large 

electrooptic  effect  and  low  half-wave  intensities.  The  temperature 
dependence  of  R,j  -  Rp  in  the  PbMgj^,Nb7/,0,  crystal  [36]  is  illustrated 

in  Figure  11.3.  This  great  magnitude  of  coefficients  R.^  is  related  [36] 

to  features  of  eroded  phase  transitions,  by  virtue  of  which  domain  orienta¬ 
tion  and  induction  of  the  ferroelectric  phase  contribute  to  the  electro- 
optic  effect  in  a  broad  temperature  range. 

i  I  W 
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Figure  11.3.  Temperature  dependence 
of  (R, ,  -  Rp)  for  lead  magnesium 

niobatc  {Smolenskiy,  et  al  [36]). 
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Figure  11.4.  Temperature  dependence 
of  linear  electrooptic  coefficient 
rc  compared  to  ec  and  product 

c  P  in  relative  units  for 
c  s 

tetragonal  barium  titanate 
(lohnstcn  and  Weingart  [23]). 


wr  ^11  '  12j  ietlu  "**™»“**  The  temperature  dependence  of 

niobatc  {Smolenskiy,  et  al  [36]).  the  electrooptic  effect  in  tetragonal 

barium  titanate  in  the  ferroelectric 
phase  was  analyzed  [23].  The 

temperature  dependence  of  linear  electrooptic  coefficients  r. .  in  barium 

titanate  is  illustrated  in  Figure  11.4  [23].  It  is  clear  from  the  figure 
that  the  character  of  the  temperature  dependence  of  r. ^  con  'sponds  approxi¬ 
mately  to  the  temperature  dependence  of  the  product  of  dielectric  permittivity 
and  polarization.  This  satisfactorily  agrees  with  the  concepts  of  lineariza¬ 
tion  of  the  quadratic  electrooptic  effect  in  the  Ferroelectric  phase. 
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Above  the  Curie  point  triglycine  sulfate  (TGS)  belongs  to  the  centro- 
symmetric  point  group  2/ra.  In  the  paraelectric  phase,  therefore,  it  does 
not  display  a  linear  electrooptic  iffect,  and  the  linear  effect  in  the 
ferroelectric  phase  is  not  the  result  of  linearization  of  the  quadratic 
effect.  The  elcctrooptic  properties  of  TGS  were  analyzed  in  [39-4S]  ,  and 
in  [39.  40  2-44]  only  the  electrooptic  coefficients  that  deteimined 

defor  afion  of  the  indicatrix  were  investigated,  while  in  [41,  45]  rotation 
of  •  5  ndicatrix  was  analyzed.  ')ata  are  presented  in  [411  concerning  the 
temp ‘ture  dependence  of  indicatrix  rotation,  occurring  as  a  result  of 
thermooptic  and  spontaneous  elcctrooptic  ar  eiastcoptic  effects.  The 
effect  of  the  application  of  a  field  along  ferroelectric  axis  b  on 
indicatrix  orientation  was  investigated  in  [45]. 


Analysis  of  the  temperature  dependence  of  certain  elecn-ooptic 
coefficients  of  TGf  [39]  showed  that  a  linear  effect  still  occurs  2-3° 
above  the  Curie  point,  although  coefficients  r.^  decrease,  which  may  be 

explaiuea  by  the  "erosion"  of  the  second  order  phase  transition  in  the 
u’ectri-  field,  dere  minimal  nonlinearity  is  observed  on  ferroelectric 
X’-  ),  whereas  permittivity,  measured  on  radio  frequencies,  is  maximal  in 
'!>  s  rection.  It  *s  theorized  m  this  connection  [39]  that  polarization 
tical  frequen  ies  is  caused  basically  by  other  structural  elements  of 
*’  ’  crystal  lattice  than  cn  lower  frequencies.  Such  components  may  be 

groups  of  S0“  ions,  which  agrees  with  the  results  of  [46]. 


The  linear  effect  in  TGS  in  the  ferroelectric  phase,  as  in  barium 
titanate,  is  by  its  nature  a  linearized  quadratic  effect.  Therefore  the 
temperature  dependence  of  is  governed  by  the  product  ePs.  In  particular, 

accoiding  to  [45] ,  the  temperature  dependence  of  coefficient  is  propor- 

A 

tional  to  e,*Ps  ~  j y — -  T^r/V  *  temperature  dependence  of  linear 

coefficients  is  analogous  to  the  temperature  dependence  of  polarization 

[44],  as  should  be  the  case  for  the  linearized  quadratic  effect.  In  the 
paraelectric  phase  TGS  displays  a  quadratic  electrooptic  'ffvet,  and  the 
quadratic  elcctrooptic  coefficients  diminish  as  temperature  increases 
ac  ording  to  the  Curie-fc'eiss  law,  analogously  to  e  [39]  (Figure  11.5). 


Figure  11.5.  Temperature  dependence 
of  quadratic  electrooptic  coeffi¬ 
cients  in  triglycine  sulfate 
(Vasilevskaya,  et  al  [39]). 


*l  >»  »1*M— — 

~  ■“****»)  4* 

4-  M*it— 


-  3 03  - 


Table  19.  Quadratic  Electrooptic  Coefficients  of  Several  Ferre-  and 
Antiferroelectrics  at  Room  Temperature 


Potassium  dihydrophosphate 
(KDP)  in  the  paraelectric  phase  dis¬ 
plays  a  linear  electrooptic  effect. 

It  was  the  first  ferroelectric 
crystal  in  which  electrooptic  prop¬ 
erties  were  carefully  inv  stigated 
[47}. 

The  equation  of  the  indicatrix 
of  KDP,  according  to  [47],  has  the 
form: 


o*  at  t,-i  i 

Figure  11.6.  Temperature  dependence 
of  coeffici  r.t  r, ,  for  KH..PO,  (1) 

0*5  4  4 

and  KD^PO^  (2)  in  paraeiectric 
phase  (Zwicker  and  Scherrer  [4?]). 


(ij.it  tt 

— ^r-  +  3+*n(|r£t  +  **.)i  +  2'«**»e>-»  (11.18) 


(the  variables  pertain  to  the 
principal  axes  aj,  a7,  c  of  the 
crystal) .  1  ~ 


In  the  case  of  application  of 
an  electric  field  on  the  tetragonal 

axis  c  and  use  of  a  coordinate  system  connected  to  a  nonprimitive  tetragonal 
nucleus,  the  edges  of  which  are  aj  =  /la^,  where  a^  is  the  edge  of  the 

primitive  tetragonal  nucleus,  the  indicatrix  is  described  by  the  equation: 


r  (l  +  +  m*  *“  rt**»l,9  4-  Ij  —  4 


(11. IS) 


It  follows  from  this  equation  that  when  light  propagates  parallel  to 
electric  field  E^,  induced  birefringence  (longitudinal  electrooptic  effect) 

is  equal  to. 


(11.20) 


When  light  propagates  r long  aj  and  ai  perpendicular  to  F.,  (lateral 
effect)  the  following  relations  are  satisfied: 


*•  ~  •'"»  -  »i) + y 

*i  ~  B  ^  (*J  —  *l)  —  ~2 


(11.21) 

(11.22) 


In  this  case  the  linear  lateral  electrooptic  effect  is  superimposed 
on  natural  birefringence,  equal  tc  n»  -  n^. 

Thus  the  coefficient  r^  can  be  determines  by  several  methods.  The 
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temperature  dependence  of  the  electrooptic  coefficient  r^  is  shown  in 

Figure  11.6  for  KDP.  For  coefficient  r^,  as  for  permittivity,  the  Curie- 

Weiss  law  is  satisfied.  Coefficient  in.^,  as  might  be  expected,  is 

practically  independent  of  temperature.  The  linear  electrooptic  effect  in 
KDP  was  also  investigated  ir.  [48,  49).  The  spontaneous  electrooptic  effect 
in  KDP  was  examined  in  [47,  50,  51].  The  results  of  investigation  of  the 
quadratic  electroptic  effect  in  KDP  are  summarized  in  [52]. 

When  the  electric  field  and  light  are  oriented  in  certain  directions 
KDP  does  not  display  a  linear  electroopdc  effect  and  only  the  quadratic 
effect  occurs  [53].  These  directions  are: 


Direction  of  field 


Direction  of  light 


The  optical  indicatrix  for  the  case  when  the  field  is  applied  in 
direction  <00I>  has  the  form 


-f  *»)  + 

+  (jji  +  #»£>)  **  “■  1  • 


(11.23) 


For  the  case  of  a  field  applied  along  axis  <100>  the  optical  indica¬ 
trix  can  be  expressed  as  follows: 


[„>  +  *u£?j  •**  +  f 1  +  (^J  +  #ii£«  j  »*•*•!. 


(11.24) 


During  investigation  of  induced  birefringence  in  directions  not 
characterized  by  the  linear  effect  it  is  possible  to  determine  the  following 
quadratic  electroptic  coefficients: 


a, — aj  (/?u — flii).  *«“>?** 


(11.25) 


The  quadratic  electroptic  effect  of  the  KDP  group  of  ferroelectrics 

in  the  paraelectric  phase  has  the  usual  maximum  when  the  field  is  applied 

along  optical  axis  c  (the  indicatrix  is  described  by  equation  (11.25);  see 

coefficients  '<  in  Table  19). 
a 

Works  appeared  recently  [54,  55]  on  the  investigation  of  the  electro¬ 
optic  effect  in  Seignette's  salt.  The  results  of  investigation  in  the 
temperature  range  including  both  phase  transitions  are  presented  in  [54], 
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The  electrooptic  properties  of  lithium  niobate  crystals  are  investi¬ 
gated  in  [56-59].  Nonlinearity  was  found  to  increase  as  wavelength 
decreases,  analogous  to  the  case  of  ferroelectrics  witn  the  perovskite 
structure  [10], 

Solid  solutions  of  the  system  (Sr^Ba^ _x)Nb20^  with  the  structure  of 

tetragonal  potassium-tungsten  bronze  [60] ,  the  ferroelectric  properties  of 
which  are  discussed  in  [61],  display  extremely  high  electrooptic  coeffi¬ 
cients.  Several  new  promising  electroopti :  cryssals  with  this  structure 
have  been  grown  recently,  which  also  possess  ferroelectric  properties  -- 
KSr2Nb5015  [62],  K^Nb^O^  [63],  Ba^'aNb^  [64],  The  electrooptic 

effect  in  Ba^NaNbgOj,.,  in  particular,  is  about  twice  as  **r^at  as  that  of 

lithium  niobate.  The  electrooptic  effect  In  crystals  with  this  structure 
in  the  tetragonal  ferroelectric  phase  (point  group  4mm)  is  characterized 
by  three  independent  electrooptic  coefficients:  r^3  =  r23,  rJ2  =  r51,  r33, 

and  in  the  rhombic  phase  (mm2)  --  by  five  (r13>  r23>  r42,  r51>  r33) . 

The  magnitudes  of  some  electrooptic  coefficients  of  a  number  of 
ferroelectrics  are  listed  in  Tables  19  and  20. 


Table  20.  Linear  Electrooptic  Coefficients  of  Certain 
Ferroelectrics  and  Anti ferroelectrics  at  Room  Temperature 


Name  of 
crystal 


KHjPOt 

KDsPO, 

B6H.PO, 

nbh-AtO, 

CjlljAfO, 

NHdljI'O, 

JJII,tl,AsO< 

JUTip, 

KN.tC,ii<C,-4U.O 

LiNbO, 

LITjO, 

Sr».7»8i».nNbaO, 

KSr,Nb,0„ 

'tufts? 


t,j  .  lucres 


*■« 

ret 

rO 
*■«» 
r«i 
»■»> 
r a 
»•« 
'u 

r,- 

Nl 

rti 

r! 

'"3 


m  —30;  r„ 
a  -79; 
_ •»!» 


‘  r,i 
i  ‘i!** 

I  "I'M 


-39 1*1 
— 39IM| 

—35 1*| 

.-50  "i 

,~2S;  r.,-01  |«*I 

.-19 1*| 

.3:pt 

—  til  - 

j— 6;  5..; 

e  2Q.4:  fo  =  .Vx6;  r,j  » 

b.20.., 

—  4113  :  |r„|«.3A5 

n  ire- 

-.3!*)  ‘«J  [ 

:«v,.|«3i5|»(  .  ; 


.324:  r,,B.43Kipj 

0.93  p.;; 


«0.‘  . 
.30;»y. 


.81**1 


m,j  -  w  crco 


**.—  24.3  [*| 


m«a20i**i 
K„«2  2U*.sj 
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§4.  Optic  Activity 

Investigations  of  the  optic  activity  of  ferroelectrics  (rotation  of 
plane  of  polarization),  in  particular,  detection  of  change  of  the  sign  of 
opt’c  activity  in  an  eiectiic  field,  are  closely  related  to  investigations 
of  the  electrooptic  properties  of  ferroelectrics.  The  change  in  the 
direction  of  rotation  of  the  plane  of  polarization  of  light  (change  of  th 
sign  of  optical  activity)  was  found  in  [72]  by  applying  a  field  in  lithiu.n 
hydroselenite  LiH.fSeO,),.  Lithium  hydroselenite  is  an  optically  biaxial 


crystal,  characterized  by  high  optic  activity.  The  directions  of  rotation 
of  the  two  optic  axes  have  different  signs,  while  the  forces  of  rotation 
are  equal  in  absolute  value.  The  crystal  is  a  uniaxial  ferroelectric  and 
in  the  absence  of  a  field  breaks  down  into  ISO6  domains.  When  the  crystal 
is  repolarized  b;  an  electric  field  the  optic  axes  interact  and  therefore 
the  sign  of  rotation  of  the  plane  of  polarization  of  light  propagating  on 
the  optic  axes  changes. 

More  complete  and  accurate  data  were  obtained  in  [731  concerning  the 
optic  activity  of  lithium  hydroselenite;  in  particular,  the  rotation  of  the 
plane  of  polarization  due  to  the  electrooptic  effect,  occuring  with  the 
application  of  an  electric  field,  was  taken  into  account. 

Crystallographic  examination  of  the  possibility  of  change  of  the 
sign  and  magnitude  of  optic  activity  during  electrical  and  mechanical 
repolarization  of  ferroelectrics,  carried  out  by  Shuvalov  and  Iv.cnov  [74], 
showed  that  optic  activity  and  change  of  sign  are  possible  in  enantiomorphic 
classes  1,  2,  3,  4,  6  and  in  planal  classes  m  and  2mjn. 

§5,  Ferroelectric  Materials  in  Nonlinear  Optics 

We  will  proceed  now  to  examine  certain  optic  properties  of  ferro¬ 
electrics  in  strong  light  fields. 

During  the  years  following  the  discovery  of  lasers  by  Basov, 

Prokhorov  and  Townes  it  became  possible  to  produce  powerful  light  beams  in 
which  the  intensity  of  the  electric  field  of  the  light  wave  reached 
-10s  V/cm  and  more.  lit  cur  discussion  of  electrooptic  phenomena  we  assumed 
that  the  electron  polarization  of  a  medium  does  not  depend  on  the  light 
field  intensicy.  With  respect  to  the  propagation  of  a  laser  beam  it  is 
essential  to  consider  the  nor linearity  of  a  ii.?dium  in  relation  to  the  light 
wave,  since  the  intensity  of  the  light  field  becomes  comparable  with 
internal  fields  in  the  substance.  As  a  result  of  nonlinearity  of  the 
medium  the  light  waves  become  distorted,  the  superposition  principle  is 
violated,  the  generation  of  higher  harmonics,  summary  and  difference 
frequencies  become  possible  during  the  interaction  of  strong  light  and 
radio  waves  and  stationary  polarization  may  occur  in  the  crystal  due  to 
the  action  of  a  strong  electric  field  oP  optic  frequency  (optic  detection) , 
etc.  [14,  75,  76J . 

Generation  of  lue  secunrt  harmonic,  development  cc  <*ationarv  polariza¬ 
tion  in  a  crystal  during  the  action  of  a  strong  electric  field  of  optical 
frequency,  and  the  linear  electrooptic  effect  can  be  described  with  the 
aid  of  the  analogous  relations,  derived  from  differentiation  of  the 
expression  for  free  energy  with  respect  to  the  fields  (11.1):  generation 
of  the  second  harmonic: 

XfrSjep  (11.26) 
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onset  of  stationary  polarization 


*■  rj 


(11.27) 


linear  electrooptic  effect 


P7- 


(11.28) 


where  are  polarization  components,  E^ ,  E^.  are  components  of  the  electric 
field,  X...  are  components  of  the  coefficient  of  nonlinear  susceptibility, 

lJK 

being  third  class  tensors.  The  superscripts  denote  the  frequency  of  the 
electric  field  [9] . 

All  three  of  these  effects,  by  considerations  of  symmetry,  are 
possible  only  in  noncentrosyrametric  crystals.  The  tensor  may  have  18 

independent  components.  In  the  case  of  generation  of  the  second  harmonic, 
however,  according  to  Kleinman  [77],  for  crystals  in  which  dispersion  and 
losses  can  be  ignored  the  additional  conditions  of  symmetry 


«*  X»! f  "*  I'Jlc 


(11.29) 


are  satisfied. 

Consequently  the  number  of  independent  components  decreases  to  10. 
In  this  case  the  matrix  of  the  coefficients  of  nonlinear  susceptibility  in 
two- index  notation  acquires  the  following  form: 


*1 

*1 

ZE,C, 

ar.e, 

.  *?f 

*1? 

*fr 

.  Xlt 

nr 

*1? 

*1? 

■  *lr 

*lr 

*?r 

*ir 

Kleinman's  conditions  (equation  (11.29))  are  valid  within  the  limits 
of  error  for  all  investigated  crystals  [78-82]. 

The  generation  of  the  second  harmonic  and  linear  electrooptic  effect 
should  obviously  be  related  to  each  other.  In  the  simplest  case,  when 
assumption  [’’7]  :<*  -a^sfied  and  the  tensor  components  are  related  t<  the 
principj.l  axes  of  the  teaser  of  inverse  permittivities,  the  following  rela¬ 
tion  wiil  exist  between  these  effects  (cf.  equation  (11.8)): 


T,j - 


(11.30) 


where 


,  d,  -  ,~r 


»•»« 
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Thic  relation,  strictly  speaking,  should  be  valid  in  the  case  when 
the  frequency  of  the  electric  field  in  which  the  electrooptic  effect  is 
measured  is  sufficiently  close  to  the  frequency  of  the  light  field  generating 
the  second  harmonic. 


The  coefficients  of  nonlinear  susceptibility  differ  among  the 

various  crystals  by  more  than  two  orders  of  magnitude.  Miller  f/8]  intro¬ 
duced  another  coefficient  (6),  characterizing  the  nonlinearity  of  the 
crystals.  From  the  expression  for  free  energy,  describing  the  generation 
of  the  second  harmonic  through  polarization,  he  derived  an  expression  that 
relates  the  coefficients  of  nonlinear  susceptibility  to  the  product  of  the 
corresponding  linear  susceptibilities: 


(11.31) 


Here  a,  8,  Y  correspond  to  frequencies  cd^,  u^,  ± 

X?.  is  linear  susceptibility  on  frequency  oj&  on  the  principal  axis  i,  etc. 
(polariz  itior  P?'  =  X—  E?). 

'■v  i  j' 

For  generation  of  the  second  harmonic  this  relation  acquires  the 

form: 


(11.32) 


Coefficient  of  nonlinearity  differs  little  for  the  various  non¬ 
linear  effects  in  the  same  crystal  and  for  various  crystals  (Table  21). 

Ibis  is  evidence  that  formulation  of  the  laws  of  optic  nonlinear  phenomena 
through  polarization  is  preferable  to  field  strength,  since  the  parameters 
obtained  better  characterize  the  crystal.  Coefficient  of  nonlinearity  6 
for  the  electrooptic  effect  is  proportional  to  the  electrooptic  coefficient 
m.  As  already  pointed  out,  electrooptic  coefficients  m. ^  .and  are 

characterized  by  great  constancy  compared  to  coefficients  r.^  and  . 

Coefficients  5.^  are  the  standr.ro  nonlinear  susceptibilities  and  can  be 

regarded  ?  a  measure  of  nonlinearity  due  to  electron  processes.  The 
determination  cf  these  coefficients  fro>"  x^narm^nic  oseixiator  m'.’.el  f  14) 
indicated  that  they  are  proportional  to  anharsor.ic  force  constant  b  [13] 
(cf.  equation  (11.11)).  An  attempt  was  made  [83]  to  determine  these 
coefficients  on  the  basis  of  the  change  of  zonal  structure  in  the  electric 
field,  using  the  results  of  [6-9).  As  in-  [7],  it  is  assumed  that 


«/ 


(11.33) 


where  AW(k)  is  the  energy  displacement  of  the  n-zone  at  the  k-point  of 
the  Brillouin  zphe,  o"(k)  is  the  tensor  of  the  polarization  potential. 
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P.,  P.  are  lattice  polarisation  components.  The  effective  polarisation 

^  ^  n 

potential  £  is  introduced.  It  is  found  by  averaging  the  coefficients  a.. 

for  various  directions  of  light  polarisation.  As  a  result  of  the  calcula¬ 
tion  it  is  possible  to  deritr  an  expression  that  relates  the  electrooptic 
coefficients  with  s,  and  consequently  expressions  for  through  It 

is  assumed  here  that  C  are  the  same  for  all  frequencies,  i.e.,  zonal  dis¬ 
placement  is  identical  with  respect  to  ion  and  electron  polarisation. 
Calculation  of  a  for  a  number  of  crystals,  presented  in  [S3],  gives  over¬ 
stated  values  compared  to  the  experimental  Consequently,  as  indicated  in 
[83],  C  is  indeed  smaller  on  optical  frequencies  than  in  the  static  case. 


Table  21.  Nonlinear  Susceptibility  during  Generation  of  Second 

?U)  , 

Harmonic  X..  and  Nonlinear  Coefficients  o  for  Certain 
ij 

Nonlinear  Hffects  in  a  Number  of  Ferro-  and 

Antiferrcclcctrics  (67.  for  the  Generation  of  Second 

n 

'Harmonic,  6.  .  for  Stationary  Polarisation  and  67.  for 
F.lcctrooptic  Effect) 


Crystal 

XHjPO, 

KD,PO, 

BbMjPO, 

KlIjAsO, 

RbUjAlO, 

CtHsAs04 

NH,HjPO« 

HDtD,POt 

LINbOj 


KMNbnOw 


•/ 

si;A‘«)’ 

!■„«!. no  I  .„ 
X„«0.S6  }  ”1 
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8:H }  i«i 
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o.5o  j  1  1 

Xy,~ 0.75  H 
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0.51  |*»J 

i»i 
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X«=0.7O  |»| 

0.23  |«| 
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0.23  |"| 

*,.*=■  0.53  |WJ 

0.17  («J| 

i  .*. 

I  >” 

0.5S|W| 

l«l 

0  .W  l«i 
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it-  1 
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0.05  l  ''  1 

|*M 

x„=»:k>  1 

X„--37  I  |W.>WJ 

4  ) 

0.02  1 

0.39  }  I««l 

0.1S  J 

X,,=.U-5  ) 

S:S  I  it 

Xs,«-23.0 

X„-J6.«  ri 
Xm-IS.9  J 

0.77  1 
-  }l*>l 
o.«s  j 

0.26  (U] 


}  m 

0.39  pq 


Comment.  For  KH-PO,  the  value  X2,  is  used  as  the  unit  Xj . .  The 
2  4  3o  l ) 

absolute  value  of  X  =  3*10-5  Cgs  electrostatic  system  [96].  For 
quartz  XJ^  and  6”!jV (4ir) 9  arc  used  [81]. 


In  order  to  determine  the  large  nonlinear  effects  in  addition  to 
great  nonlinearity  it  is  necessary  that  the  conditions  of  synchronism  be 
satisfied.  The  essence  of  these  conditions  consists  in  the  following,  a 
powerful  light  wave  modulates  the  permittivity  of  a  medium  according  to 
the  traveling  wave  law.  If  within  the  medium  waves  of  three  frequencies 
interact  (fo?  instance,  o>j  +  ,  the  strong  nonlinear 

interaction  among  the  waves  and  accumulation  of  the  energy  of  the  waves  by 
measure  of  their  propagation  within  the  medium  are  possible  only  if  the 
phase  relations  among'  the  propagating  waves  remain  constant  over  the 
entire  distance,  i.e.. 


k|"  +  kS,’-ki” 


(11.34) 


where  k  is  the  wave  vector. 

For  second  harmonic  generation  the  condition  of  synchronism  has  the 


2kj  =  k2, 


*,"•0,  M*  A,  I’:,  —  kj. 


(11.35) 


For  a  bounded  medium  the  accumulation  of  energy  is  possible  also 
when  &2  0,  but  A2  should  net  be  exceedingly  large.  The  iength  of  speci¬ 

mens  for  which  accumulation  of  energy  during  second  harmonic  generation  is 
still  possible  is  determined  by  Ine  relation 


« 

•A  08  2  * 


(11.36) 


The  condition  of  synchronism  may  be  satisfied  if  the  coefficients  of 
refraction  of  the  wave  of  initial  frequency  and  of  the  second  harmonic  for 
the  corresponding  direction  of  propagation  of  the  waves  are  equal  (we  will 

recall  that  |k}  =  ^  ,  where  n  is  the  refraction  index,  w  is  frequency,  c  is 

the  speed  of  light).  The  conditions  of  synchronism  can  be  satisfied  only 
for  various  combinations  of  waves  of  different  polarization;  for  instance, 
fwo  ordinary  incident  waves  in  combination  with  an  extraordinary  *\»va  of 
the  second  harmonic,  the  condition  of  synchronism  has  the  form 


kt+kj-k;. 


(11.37) 


This  case  is  realized  in  KJl^PO^ ,  since  here  n'j  >  Hj,  and  even 


r'l  >  r2 


Angle  6q  between  the  direction  in  which  the  condition  of  synchronism 


is  satisfied  and  the  optic  axis  is  called  the  angle  of  synchronies.  The 
direction  of  synchronism  Oz  in  a  KDP  crystal  is  shown  schematically  in 
Figure  11.7.  For  the  ordinary  and  extraordinary  waves  of  the  original 
radiation  and  extraordinary  wave  of  the  second  harmonic  the  condition  of 
synchronism  has  the  form 


*!  +  *!-«•- 


(11.38) 


This  case  may  also  be  satisfied  in  a  uniaxial  negative  crystal. 

An  extremely  important  value  characterizing  'ne  nonlinear  properties 
of  a  crystal  is  the  so-called  mismatch  gradient.  The  mismatch  gradient 
determines  the  rate  of  change  of  mismatch  A  during  deviation  from  angle  of 
synchronism  0q,  i.e.,  is  equal  to  dA/d9  in  the  vicinity  of  0^. 

A  great  advantage  of  crystals  when  used  in  nonlinear  optics  is  the 
possibility  of  noncritical  generation  of  the  second  harmonic,  i.e.,  they 
satisfy  the  conditions  of  synchronism  for  angle  of  synchronism  ©Q  =  90°. 

Here  the  velocities  of  the  waves  of  polarization  of  the  second  order  and 
the  emissions  which  they  produce  are  different,  birefringence  does  not 
occur  and  the  coherent  path  of  the  specimen  on  which  energy  can  accumulate 
during  second  harmonic  generation  is  determined  only  by  the  divergence  of 
the  laser  beam. 


The  conditions  of  synchronism  are  of  analogous  form  for  various 
versions  of  parametric  amplification  (for  instance,  amplification  of  two 
weak  waves  with  frequencies  and  using  high-frequency  pumping  = 

*  Wj  ♦  (u2  or  parametric  frequency  conversion  Wj 

the  pumping  frequency) . 


+  0) 


0) 


'2* 


P 

where  w  is 
P 


If  a  mirror  is  used  to  return  to  a  crystal  operating  as  a  para¬ 
metric  amplifier  the  required  part  of  the  energy  of  waves  of  the  required 
frequency,  the  parametric  amplifier  may  become  a  generator. 


Figure  11.7.  Inuicatrices  of 
refraction  indices  nj\  n^, 

n®,  n®  of  KH^PO^  crystal  for 

twu  optical  frequencies  cz  and 
2u)  in  plane  zrx',  where  z*  is 
the  optic  axis,  0Q  is  the  angle 

for  which  the  condition  of 
synchronism  is  satisfied. 


The  most  eirecti/e  ci/stals  used  at  the  present  time  in  nonlinear 
optics  are  ferro-  and  antiferroelectrics,  in  particular  ferroelectrics  with 
the  K^PO^,  tetragonal  potassium-tungsten  bronze  and  lithium  niobate 

structures  (Table  21).  These  crystals  can  satisfy  the  conditions  of 
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synchronism,  and  in  certain  cases  (at  certain  temperatures  and  with  certain 
electric  fields)  noncritical  second  harmonic  generation  is  possible. 

In  the  case  of  the  RbH^PO^  crystal,  noncritical  second  harmonic 

generation  is  possible  due  to  temperature  adjustment  of  dispersion 
characteristics  [84].  In  the  case  of  KH^PO^  noncritical  second  harmonic 

generation  can  be  achieved  through  adjustment  of  dispersion  characteristics 
with  the  aid  of  an  electric  field  near  the  Curie  point  [85] .  The  condition 
of  noncritical  second  harmonic  generation  for  lithium  niobate  is  the  rela¬ 
tion: 

~*t) — (»*— **)*“0.  (■,  j 

This  relation  may  be  satisfied  by  varying  wavelength  and  temperature 
(temperatu:' adjustment  of  dispersion  characteristics).  The  temperatures 
at  which  it  is  possible  to  obtain  in  lithium  obate  stmmary  frequencies 
of  various  lasers  under  conditions  of  noncritical  phase  matching,  and  also 
frequencies  one-half  the  original  frequency,  were  calculated  in  [24].  The 
temperature  adjustment  of  dispersion  characteristics  for  obtaining  non¬ 
critical  phase  matching  is  easily  accomplished  in  crystals  with  the 
potassium-tungsten  bronze  structure  [62-64] .  The  directions  of  synchronism 
and  magn’ aides  of  mismatch  gradients  are  calculated  in  [87]  for  KDP,  ADP 
and  lithium  niobate  crystals. 

Great  stability  with  respect  to  large  light  flux  pulse  capacities 
(up  to  several  hundred  MWt/cm2)  is  noted  in  crystals  of  the  KDP  group. 
Certain  crystals,  however,  cannot  operate  under  conditions  of  irradiation 
with  laser  beams  of  considerable  power.  Fluctuations  of  the  refraction 
index  occur  in  lithium  niobate,  for  instance,  during  irradiation  (optic 
aging).  This  phenomenon  occurs  to  a  lesser  extent  in  lithium  tantalate 
crystals  [88].  It  occurs  in  KTN  crystals  under  the  simultaneous  effect  of 
a  laser  beam  and  stationary  biasing  field  [89] .  The  causes  of  this 
phenomenon  are  not  completely  clear.  Presumably,  in  particular  [89],  it 
is  related  to  the  formation  of  a  space  charge  as  a  result  of  photoexcita¬ 
tion  cf  current  carriers  from  traps.  This  charge,  in  turn,  leads  to 
irregularities  in  the  refraction  coefficient  due  to  a  great  elcctrooptic 
effect.  It  is  possible  that  the  magnitude  of  this  charge  is  related  to 
the  number  of  free  lattice  'nodes  capable  of  serving  as  traps  for  current 
carriers  and,  consequently,  are  sources  of  photo  electrons  [63],  Attempts 
are  being  made  to  create  new  materials  in  which  fluctuations  of  the 
refraction  index  will  not  take  pla^e.  In  particular  analysis  of  the 
optical  nonlinear  properties  of  niobium  compounds  with  the  tetragonal 
potassium-tungsten  bronze  structure  with  filled  cation  positions  in  the 
lattice  showed  that  some  of  them  display  less  optical  aging  than  lithium 
niobate.  These  include  K^Li^Nb^O_n  with  filled  positions  in  the 

pentagonal,  tetragonal  ar.d  triangular  lattice  channels  [63],  K^Sr^Nb^O.^ 

[62]  and  Naj'^^bjQO^Q  crystals  f.  .led  positions  in  penta-::r> 

and  tetragonal  channels. 
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The  results  of  the  estimate  ot  nonlinear  optic  properties  with  the 
aid  of  the  powder  method,  not  requiring  good  crystals,  are  presented  for 
several  materials  in  [90].  The  following  ferroelectrics  are  characterized 
[90]  by  great  optic  nonlinearity  in  combination  with  the  possibility  of 
phase  matching:  KI0_,  PbTiO,,  KNbO„,  ecc.  BaTiCL,  Gd?(McO^)„,  etc.  are 

characterized  by  great  optic  nonlinearity,  blit  without  phase  matching. 

Noteworthy  are  attempts  to  cieate  sources  of  coherent  emission  on 
the  basis  of  ferroelectric  matrices,  Sirce  -he  direct  action  of  the  electric 
field  on  the  laser  beam  is  possible  in  such  sources. 

The  generatioii  ^  coherent  light  emi' ;ion  using  the  ferroelectric 
Gd?(MoO^),,  containing  a  mixture  of  neodymiun,  was  reported  in  [91]. 

Induced  emission  of  lithium  niobate  crystals  with  neodymium  impurity  was 
achieved  in  192]. 

For  the  parameters  of  nonlinear  optic  materials  the  reader  is 
referred  to  overviews  [14,  93,  94]  and  Table  21, 
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CHAPTER  12.  THERMAL  PROPERTIES  OF  FERROELECTRICS 
§1.  Thermal  Capacity 

In  order  to  understand  the  nature  and  character  of  the  ferroelectric 
phase  transition  it  is  particularly  important  to  know  the  dependence  of 
thermal  capacity  on  temperature  in  the  region  of  the  transition. 

According  tc  thermodynamic  theory,  as  we  know,  first  order  phase 
transitions  occur  with  latent  heat  of  transition,  and  for  second  order  phase 
transitions  thermal  capacity  must  change  abruptly.  Ferroelectric  phase 
transitions  are  exceptions  in  this  sense  and,  as  shown  in  Chapter  3,  the 
expressions  for  the  thermal  anomalies  can  be  derivec  by  using  the  expansion 
of  the  thermodynamic  potential  in  terms  of  degrees  of  polarization .  Equa¬ 
tion  (3.5)  can  be  written  for  entropy  change  (AS)  in  the  form: 


(12.1) 


In  the  case  of  the  first  order  phase  transition  we  have  for  latent 
heat  of  transition  AQ: 


f  r.pj. 


(12.2) 


where  P  is  the 
s 

jump  of  thermal 
determined  from 


jump  of  spontaneous  polarization  at 

capacity  for  the  second  order  phase 

(12.1): 


the  Curie  point.  The 
tiansition  can  also  be 


Af  **  — 


2*  dP| 


(32.3) 


Recalling  (3.9a),  or  making  the  corresponding  substitution  in  (3.10), 
we  can  find  another,  often  more  convenient  formula  for  Ac* 


Aim* 


(12.4) 
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The  thermal  anomalies  at  the  Curie  point  have  been  analyzed  most 
thoroughly  for  ferroelectrics  with  the  second  order  phase  transition. 
Hoshino,  et  al  [1]  and  Strukov,  et  al  [2-5]  analyzed  the  temperature 
dependences  of  thermal  capacity  of  triglycine  sulfate  and  isomorphic  com¬ 
pounds.  The  curve  plotted  by  Strukov,  et  al  [2]  for  the  triglycine  sulfate 
crystal  is  illustrated  in  Figure  12.1.  The  experimental  values  of  entropy 
change  f AS)  of  this  group  of  ferroelectrics  are  presented  in  Table  23. 

The  discrepancy  between  the  theory  and  experiment  has  the  form  of  the  curve 
c(T)  in  the  region  of  transition.  The  theoretical  dependence  of  thermal 
capacity  or.  temperature  can  be  calculated  according  to  equation  (12.3). 

This  dependence  has  an  abrupt  change  at  the  point  of  transition,  but  it 
does  not  have  a  sharp  peak  [1],  The  peak  of  thermal  capacity  at  the  Curie 
point  is  observed  in  trigl/cire  selenate  [4],  tr3 glycine  fluorberyllate  [5], 
and  NH4HS04  [6]  crystals.  The  reasons  for  the  discrepancy  between  the 

theoretical  and  experimental  dependences  are  not  known  at  this  time. 


Figure  12.1.  Temperature  dependence  of  thermal 
capacity  of  shorted  triglycine  sulfate  crystal 
(Strukov  [2]). 


°  1 — . - . . , . . -  ■  -  ■ 

o  -to  -Hi 

Figure  12.2.  Temperature- dependence  cf  thermal 
capacity  of  shorted  potassium  dihydrophosphate 
crystal.  1  —  according  to  Strukov,  et  al  [13] ; 

2  —  according  to  Stephenson  and  Hooiey  [11], 

It  should  be  pointed  out  that  if  terms  that  take  into  account  the 
fluctuating  heterogeneity  of  polarization  are  introduced  in  the  expression 
for  the  thermodynamic  potential,  then  near  the  Curie  point  c  -  |ln[T  -  9] j 
“  _!/-) 

for  axial  ferroelectrics  and  c  ~  (T  -  9)  for  ferroelectrics  with  two 
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and  three  ferroelectri axes  [7],  The  experimental  results  for  triglycine 
sulfate  [8,  3]  and  trigiycine  fluorberyllate  [3]  in  a  narrow  temperature 
range  near  the  Curie  point,  in  the  opinion  of  the  authors  of  these  works, 
satisfy  the  logarithmic  function.  Thus,  it  has  been  found  theoretically 
and  by  processing  experimental  data  that  the  thermal  capacity  at  the  Curie 
point  has  a  logarithmic  feature. 

This  coincidence,  however,  apparently  cannot  be  regarded  as  the 
complete  theoretical  explanation  of  the  anomaly.  The  fact  is  that  considera¬ 
tion  of  fluctuations  may  yield  only  a  very  narrow  peak  of  thermal  capacity, 
whereas  the  experimentally  observed  maximum  is  asymmetric  and  quite  broad. 
Strukov,  et  al  [&j  and  also  Baumberger,  et  al  [10].  analysed  the  influence 
of  a  stationary  field  on  the  anomalous  change  of  thermal  capacity  of 
triglycine  sulfate  crystals.  On  application  of  an  electric  field  the 
thermal  capacity  peak  vanishes  and  no  abrupt  jump  is  noted.  The  greater 
the  strength  of  the  field  the  more  "eroded"  the  thermal  capacity  anomaly 
becomes.  This  transformation  is  not  surprising.  The  change  of  thermal 
capacity  caused  by  a  change  of  polarization  is  determined,  as  before,  by 
relation  (.12.3),  but  now  P  is  not  spontaneous  polarization,  but  the 
equilibrium  polarization  in  the  external  field.  Temperature  dependences  of 
polarization  in  the  presence  of  an  electric  field  for  the  case  of  the 
second  order  phase  transition  are  given  in  Figure  3.10b.  The  character  of 
these  dependences  is  such  that  dP/dT  and  the  product  P(dP/dT),  which  deter¬ 
mines  the  behavior  of  thermal  capacity,  change  monotonically  with 
temperature,  without  abrupt  jumps.  Thus,  the  electric  field  leads  to 
smoothing  of  the  thermal  capacity  peak. 

The  thermal  capacity  anomaly  at  the  Curie  point  was  quite  careful iy 
analyzed  on  potassium  dihydrophosphate  crystals.  These  studies  were 
conducted  by  Stephenson  and  Hoolev  [11],  Reese  and  May  [12],  Strukov,  et  al 
[19].  The  peak  of  thermal  capacity  of  potassium  dihydrophosphate  is  narrow 
and  high  (Figure  12.12).  In  the  paraelectric  phase,  just  0.5°  above  the 
Curie  point,  thermal  capacity  is  again  normal  [15].  This  all  indicates 
that  the  phase  transition  ir  potassium  dihydrophosphate  is  a  second  order 
phase  transition,  and  possibly  first  order  near  the  critical  point. 

The  analytical  form  of  the  function  c(T^  -  T)  apparently  c..nnot  be 

regarded  accurately  established.  In  the  ferroelectric  phase,  according  to 

the  data  of  Strukov,  et  al  [13,  14],  c  -  (T  -  T)"^,  where  6  =  O.S.  The 

results  of  Reese  and  May  [12]  are  in  better  agreement  with  the  logarithmic 
law,  although  they  also  satisfy  the  power  function,  albeit  at  somewhat 
greater  distance  from  the  maximum.  Here  5  =  0.5  below  the  transition  and 
■5  ~  1.0  above  the  transition.  Even  the  same  experimental  results  of 
Stephenson  and  Hoolev  [11],  according  to  Teaney’s  calculations  [14], 
satisfy  the  power  law  with  6  =  0.5,  and  according  to  Grindlay's  calcula¬ 
tions  [IS],  are  in  better  accord  with  the  logarithmic  dependence.  The 
application  of  an  electric  field,  just  as  in  the  case  of  trigiycine  sulfate, 
leads  to  a  reduction  and  erosion  of  the  thermal  capacity  anomaly  [13],  The 
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thermal  capacity  peak  at  the  Curie  point  is  also  di-played  by  RbH2PC>4  [16] 

In  contrast  to  the  preceding  two  phosphates,  the  thermal  capacity  peak  of 
KD,PO^,  isomorphic  to  them,  is  so  high  and  narrow  that  experimental  data 

can  be  explained  only  in  the  assumption  of  latent  heat  of  transition  [13, 
17,  18]. 

Table  22.  Heat  (AQ)  and  Entropy  (AS)  of  Transition  of 
Several  Ferroelectrics 


Compound  | 

» 

Triglycine  sulfate  { 
Triglycine  selenate 

JCDjPO,  1 

MBtPO, 

from  cubic  tor 
tetragonal  1 

K*8Setetragoni 
B*TW»  to  rhombic  j 

from  rhombic  / 
to  tetragonal! 

from  cubic  to/ 
tetragonal  \ 

from  tetragona 
kkw*  to  rhombic 

from  rhombic  t 
rhombo'nedrai 


AS, 

cal./mole  • 


0.57 

1.17 

0.74 

0.839  £04SA 


source 


The  thermal  capacity  of  Seignette’s  salt  has  been  investigated  by 
numerous  researchers  [19-23],  but  these  works  are  comparatively  old  and 
their  results  differ  greatly  from  each  other.  It  can  be  said  only  that  the 
heats  of  transition  at  the  Curie  points  are  low.  According  to  Wilson’s 
data  [22],  the  thermal  capacity  anomaly  at  the  top  Curie  poi  it  is  positive 
and  at  the  bottom  Curie  point  it  is  negative. 

The  ferroelectric  phase  transition  of  barium  titanate,  in  contrast  to 
the  preceding  ferroelectrics,  is  a  second  order- transition  and  should  take 
place  with  latent  heat.  During  calorimetric  measurements,  however,  by 
virtue  of  defects,  internal  stresses,  etc.,  only  a  thermal  capacity  peak  is 
observed  (Figure  12.3).  The  heat  of  transition  can  be  determined  by 
integrating  AQ  =  /  AcdT.  AQ  and  AS,  obtained  by  various  authors  [24-27], 
are  listed  in  Table  22.  Presented  here  also  are  AQ  and  AS  for  low-temperature 
phase  transitions  of  barium  titanate,  and  also  for  all  three  phase  transi¬ 
tions  of  KNbOj,  which  by  its  properties  is  the  analog  to  barium  titanate. 


It  is  noteworthy  that  relation  (12.2)  is  satisfied  with  good  accuracy  for 
barium  titanate. 


Figure  12.3.  Temperature  dependence  of  thermal  capacity 
of  polycrystalline  barium  titanate.  a  —  according  to 
Todd  and  Lorenson  [27) ;  b  —  according  to  Shirane  and 
Takeda  [25). 

§2.  Thermal  Conductivity 

The  thermal  conductivity  of  ferroelectrics  has  not  yet  been  analyzed 
to  an  extent  sufficient  to  permit  discussion  of  any  general  principles. 

Data  are  available  only  for  phosphates  and  certain  perovskites. 

.  The  thermal  conductivity  of  phosphate  crystals  was  analyzed  by 
Suemune  [30,  31),  who  detected  in  all  isomorphic  compounds  strong  anomaly 
at  the  Curie  point  (Figure  12,4).  In  ordinary  crystalline  dielectrics  at 
moderate!;*  low  temperatures  the  dependence  of  thermal  conductivity  on  T  at 
high  temperatures  is  a  power  function  of  T"1,  and  at  lower  temperatures  it 
is  exponential.  In  the  case  of  ferroelectrics  with  hydrogen  bonds,  in 
Suemune's  opinion  [31],  the  unordered  position  of  hydrogen  in  the  paraelectric 
phase  leads  to  limitation  of  the  mean  free  path  of  the  phonon  by  the  dimen¬ 
sions  of  the  elementary  nucleus  and  the  temperature  dependence  of  thermal 
conductivity  is  determined  by  the  temperature  curve  of  thermal  capacity, 
which  drops  with  temperature.  Thus,  there  is  presumably  a  formal  analogy 
with  glass,  where  the  mean  free  phcnon  path  is  limited  by  the  dimensions  of 
the  crystallite. 

Below  the  Curie  point  the  hydrogen  becomes  ordered  and  thermal 
conductivity  increases  sharply.  The  height  of  the  thermal  conductivity  peak 
at  temperatures  below  10°K  is  proportional  in  a  number  of  phosphates  to  T*. 

The  experimental  data  for  the  thermal  conductivity  of  ferroelectrics  with 


Figure  12.4.  Temperature  dependence 
of  thermal  conductivity  of  KH^PO^, 

KD^PO^  and  KH^AsO^  crystals  (Suemune 

[31]).  Theoretical  curve:  ?n 
regions  A  and  B  the  thermal  resist¬ 
ance  is  attributed  to  scatter 
processes,  in  range  C  to  point 
defects,  in  D  to  dislocations  and 
in  E  to  the  crystal  surface.  The 
drop  of  thermal  capacity  in  region 
F  is  related  to  the  unordered  dis¬ 
tribution  of  hydrogen  atoms.  1  -- 


KD2P04;  2  —  KH,P04;  3  --  KU,As(>4 . 


the  perovskite  type  structure,  obtained  by  different  authors,  disagree  con¬ 
siderably.  Thus,  polycrystalline  specimens  of  barium  titanate,  lead  titanate 
and  certain  solid  solutions  based  on  barium  titanate  display  at  the  Curie 
point  small  thermal  conductivity  peaks  [32-36].  Barium  titanate  mono¬ 
crystals,  according  to  some  data  [37]  display  no  anomalies  at  all  during 
phase  transition,  whereas  according  to  other  investigators  [38],  thermal 
conductivity  passes  through  minima  at  the  Curie  point  during  low-temperature 
phase  transitions. 


The  latter  results  may  be  explained  from  the  viewpoint  of  dynamic 
theory,  according  to  which  the  energies  of  the  acoustic  and  lateral  optic 
branches  of  oscillation  converge  near  phase  transitions  for  low  wave  numbers. 
By  virtue  of  the  closeness  of  the  energies  of  two  types  of  vibrations  the 
number  of  scattering  events  in  which  optical  phonons  participate  may  increase, 
and  consequently  thermal  conductivity  may  decrease  [38,  39].  That  such  a 
scattering  mechanism  actually  occurs  is  verified  by  Steigmeier’s  studies 
[40]  of  SrTiO.  monocrystals.  He  discovered  that  the  application  of  a 

stationary  electric  field  in  the  direction  perpendicular  to  the  temperature 
gradient  results  in  a  substantial  increase  in  thermal  conductivity  at 
temperatures  below  50°K.  The  effect  of  the  electric  field  on  thermal 
conductivity,  in  Steigmeier's  opinion,  is  related  to  displacement  of  the 
optical  branch  with  respect  to  frequency. 


§3.  Electrocaloric  F.ffect 


The  electrocaloric  effect  is  an  effect  connected  with  the  pyroelectric 
effect,  consisting  in  a  change  of  entropy  of  a  system  when  placed  in  an 
electric  field.  In  the  general  case 


,iT. 
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Recalling  that 


Vh-T 


<&-(& 


we  obtain  from  (12.5)  with  the  condition  dS  =  0: 


(12.6) 


(12.7) 


(12.8) 


Thus,  under  adiabatic  conditions  a  change  in  electric  field  strength 
leads  to  a  change  in  temperature  of  the  bodyl  Since  the  change  of 
temperature  is  proportional  to  (3P/dT) ,  we  should  expect  the  effect  to  be 
strongest  specifically  in  ferroelectrics,  and  near  the  phase  transition, 
where  the  dependence  of  spontaneous  polarization  and  dielectric  suscepti¬ 
bility  on  temperature  is  especially  strong.  For  comparison  with  the  experi¬ 
ment  it  is  often  convenient  to  use  another  expression  for  the  electrocaloric 
effect,  which  can  be  derived  by  regarding  entropy  as  a  function  of  P  rather 
than  of  E.  Then 


(12.9) 


Recalling  that 


iS\ 

)fh-r 


and  the  relation  of  the  Maxwell  type 


a-©,- 


we  have  for  adiabatic  conditions  from  (12.9) 

,r 


(12.10) 


(12.11) 


(12.12) 


Then,  using  the  equation  of  state  (3.8a),  (12.12)  can  be  reduced  to 
the  form 


(12.13) 
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After  integration  of  (12.13)  we  obtain 


(12.14) 


Thus,  in  the  case  of  the  second  order  phase  transition  the  change  of 
temperature  is  directly  proportional  to  the  change  of  the  square  of  polariza¬ 
tion. 


Figure  12.5.  Dependences  illustrating  electrocaloric 
effect  on  triglycine  sulfate  crystals  (Strukov  [43]). 
a  —  dependence  of  change  of  temperature  of  crystal  on 
electric  field  strength  at  various  distance  from  Curie 
point  (T  -  T  ).  1  - 0.041°C;  2  —  +0.147  C;  3  — 

-C.289°C;  4  - 0.535°C;  S  —  +0.0412°C;  6  —  -1.375°C; 

7  - 2.637°C;  8  —  +1.240°C;  9  - 8.004°C;  10  — 

♦1.784°C;  11  --  +3.176°C.  b  --  dependence  of  change  of 
temperature  of  crystal  on  P2  at  various  distances  from 
Curie  point  (T  -  T  ) .  I  —  +0.147°C;  II  —  ♦0.412'C; 

III  -  +1.240°C;  1  —  0.005°C;  2  - 0.290°C;  3  — 

-0,387®C;  4  - 0.663°C;  5  —  -1 . 190°C;  6  - 1.570°C; 

7 - 2.188°C. 

The  electrocaloric  effect  of  ferroelectrics  was  first  discovered 
experimentally  by  Kobeko  and  Kurchatov  [41]  on  Seignette’s  salt  crystals. 
Latjr  on  Seignette's  salt  [42],  triglycine  sulfate  [43,  44,  10],  triglycine 
selenate  [45,  46],  tr  glycine  fluorberyllate  [46]  ciystals,  polycrystalline 
barium  ti4anate  [47],  strontium  titanate  [48,  49],  were  analyzed.  The 
experimental  data  for  the  first  four  ferroelectrics  agree  satisfactorily 
with  equation  (12.14).  The  dependences  of  AT  on  F.  and  P2  are  shown  in 
Figure  12.5  for  triglycine  sulfate  crystals.  Above  the  Curie  point  the 
straight  line  AT  =  f(P2)  passes  through  the  origin  of  the  coordinate  system. 
Below  the  Curie  point  the  straight  lines  cut  on  the  abscissa  segments  equal 
to'Pg,  Thus,  electrocaloric  measurements  make  it  possible  to  determine  the 

magnitude  of  spontaneous  polarization,  and  more  accurately,  apparently,  near 
the  Curie  point  than  from  the  hysteresis  loops. 
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Measurements  of  the  electrocaloric  effect  on  strontium  titanate  were 
aimed  at  investigating  the  possibility  of  reaching  low  temperatures  through 
adiabatic  depolarization.  Hegenbarth  [48]  brought  about  maximum  change  of 
temperature  of  polycrystalline  specimens  in  the  16-18°K  range,  where  A T  ~ 

~  0.1 °K  for  E  =  10  kV/cm.  Xikuchi  and  Sawaguchi  [49]  produced  the  maximum 
effect  of  AT  =  0.28°K  (E  =  7  kV/cm)  at  11.5°K  on  monocrystals.  AT  rapidly 
diminishes  as  the  temperature  approaches  the  liquid  helium  temperature  [48] . 
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CHAPTER  13.  EFFECT  OF  ELECTRIC  FIELD  AND  MECHANICAL  STRESSES  ON  THE 
FERROELECTRIC  PHASE  TRANSITION 

Si.  Effect  of  Electric  Field 


The  effect  of  an  electric  field  on  the  ferroelectric  phase  transition 
can  Le  cxtiriiincu  on  the  basis  of  thermodynamic  theory  [1-3J.  Wo  will  assume 
that  an  electric  field  is  applied  on  the  ferroelectric  axis  and  we  will 
examine  the  equation  3$/3P  =  0,  which  considering  terms  P6  in  the  expansion 
of  the  thermodynamic  potential,  has  the  form 


(13.1) 


In  the  case  of  the  second  order  phase  transition  only  coefficient  a 
can  be  negative.  Therefore,  when  E  >  0  tljere  is  only  one  positive  solution 
for  P.  When  E  *  const,  P  is  a  continuous  function  of  temperature  and  is  a 
nonzero  value  at  all  temperatures  (Figure  3.10a).  Thus  the  result  of  the 
application  of  the  electric  is  that  there  is  no  phase  transition  as  such. 

The  temperature  dependence  of  permittivity,  however,  has,  as  before,  a  peak. 
As  biasing  field  intensity  increases,  the  peak  decreases  and  is  displaced 
toward  higher  temperatures.  Wieder  [4]  demonstrated  that  the  shift  (AT)  of 
the  peak,  according  to  thermodynamic  theory,  should  obey  tie  law 


3  ., 


(13.2) 


Investigations  of  colemanite  [4]  and  triglycine  sulfate  (normal  and 
deuterated)  [5]  showed  that  the  experimental  values  of  AT  agree  satisfactorily 
with  equation  (13.2). 


For  the  first  order  phase  transition  8  <  0.  In  examining  the 
dependence  of  polarization  on  the  field  it  is  convenient  to  introduce 
standard  values  of  polarization  (p),  electric  field  strength  (e)  and 
temperature  (t) ,  related  linearly  through  the  coefficients  of  the  expansion 
of  (3.12)  with  P,  E  and  T,  respectively  [2],  Equation  (13.1)  is  written  in 
new  variables  in  the  form  [2): 
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*"■2#*— V  +  2J»* 


(13.3) 


The  theoretical  dependences  of  polarization  on  field  e  for  various 
temperatures  t  are  given  in  Figure  13.1.  Only  those  segments  on  the  curves, 
where  dp/de  >  0,  correspond  to  stable  states.  Therefore,  when  dp/de  becomes 
negative  an  abrupt  transition  takes  place  on  the  vertical  line  into  the 
stable  state.  The  transition  occurs  at  the  points  wheie 

3>  +  o.  (13.4) 

2 

Equation  (13,4)  has  two  real  roots  for  P  ,  when 

a*-«h«>Q.  (13.5) 

If  o  <  0,  then  one  root  is 
positive  and  the  other  is  negative. 

If  o  >  0,  then  both  roots  are  posi¬ 
tive.  The  temperature  range  above 
the  Curie  point  (t  >  1  in  Figure  13.1) 
corresponds  to  the  latter  case.  As 
seen  from  the  curves  in  Figure  13.1, 
in  some  interval  of  values  t  >  1  an 
abrupt  change  in  polarization  should 
occur  as  field  strength  changes. 

When  change  is  cyclic  the  field  will 
be  described  as  the  so-called  double 
hysteresis  loops.  An  abrupt  increase 
in  polarization  corresponds  to  a 
transition  from  the  paraelectric  to 
Figure  13.1.  Dependence  of  standard  the  ferroelectric  state,  induced  by 

polarization  (p)  on  standard  elec-  the  electric  field.  The  temperature 

trie  field  strength  (e)  for  several  dependence  of  polarization  for  E  = 
standard  temperatures  (t)  near  the  const  are  illustrated  in  Figure  3.10b. 
Curie  point  (Merz  [2]).  The  temperature  above  which  the 

induced  phase  transition  will  not 
occur  can  be  determined  from  condition 
(13.5),  since  equation  (13.1)  will  not  have  real  roots.  The  displacement  of 
the  transition  temperature  with  electric  field  strength  is  related  to  the 
size  of  the  jump  of  polarization  (6P)  and  change  of  entropy  (AS)  by  an 
equation  of  tne  Clapeyron-Clausius  type  [11 : 

(13.6) 

The  dependence  of  polarization  on  electric  field  strength  is 
conveniently  observed  on  an  oscillograph  scope  with  the  aid  of  the  same 
circuit  used  for  observing  dielectric  hysteresis  (see  §1,  Chapter  8).  Such 
investigations  were  conducted  by  Merz  [2} ,  Cross  [6] ,  Drougard  [7]  on 
barium  titanate  orystals  with  the  field  applied  in  direction  [100]. 
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According  to  theory,  directly  above  the  Curie  point  in  the  t;mperature 
interval  of  approximately  8°  the  dependence  of  polarization  on  electric 
field  strength  has  the  form  of  a  double  hysteresis  loop  (Figure  13.2). 
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Figure  13.2.  Double  hysteresis  loops  observed  on  barium 
titanate  monocrystals  in  some  temperature  range 
iasediately  above  the  Curie  point.  The  electric  field 
is  applied  in  direction  [100].  (According  to  Drougard 
and  Huibregtse  [8]). 

The  abrupt,  field  induced  transition  from  the  paraelectric  state  to 
the  ferroelectric  state  can  also  be  observed  by  investigating  the  pyroelec¬ 
tric  effect  by  the  dynamic  method.  Chynoweth  [9]  discovered  that  in  some 
temperature  range  above  the  Curie  point  pyroelectric  current,  depending  on 
the  stationary  field  applied,  first  increases  rapidly,  and  then  drops 
abruptly,  and  slowly  diminishes  as  the  field  continues  to  increase.  The 
jump  corresponds  to  transition  to  the  ferroelectric  state.  At  great 
distances  from  the  Curie  point  the  pyroelectric  current  peaks  smoothly 
without  abrupt  changes.  The  observed  dependence  of  pyroelectric  current  on 
electric  field  strength  agrees  with  the  theoretical  dependence. 

Polarization  jumps  lead  to  jumps  in  birefringence.  Investigation  of 
the  electioptic  effect  in  the  vicinity  of  the  Curie  point  was  done  by 
Meyerhofer  [10].  His  dependences  of  An  on  the  strength  of  the  field, 
applied  in  directions  [100]  and  [110],  are  shown  in  Figure  13.3.  The 
phases,  induced  in  this  case,  are  tetragonal  and  rhombic,  respectively. 

If  the  electric  field  is  applied  in  direction  [110],  then  near  the  Curie 
point  there  is  a  mixture  of  tetragonal  and  rhombic  domains.  At  higher 
temperatures  the  induced  phase  is  completely  rhombic.  There  is  less 
birefringence  in  this  phase  than  in  the  tetragonal  phase. 

The  ratio  ?J/An  is  considerably  greater  in  tie  induced  rhombic  phase 
than  in  the  rhombic  phase  stable  below  5°C.  This  shows  that  these  phases 
are  not  identical.  In  certain  crystals  with  the  field  applied  in  direction 
[llO]  Meyerhofer  [10]  observed  a  transition  first  into  rhombic  and  then, 
in  a  stronger  field,  into  a  new  phase  with,  greater  polarization  on  (li''], 
but  with  le$s  birefringence.  What  phase  this  was  could  not  be  established 
on  the  basis  of  electrical  and  optic  measurements.  In  the  presence  of  two 
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Figure  13.3.  Dependence  of  birefringence  of  barium 
titanate  crystal  on  electric  field  strength  in  vicinity 
of  Curie  point,  a  —  field  applied  in  direction  [100]; 
b  --  field  applied  in  direction  [110].  (According  to 
Meyerhof er  [10]). 


consecutive  induced  transitions  the  dependence  of  polarization  on  field 
strength  has  the  form  of  the  so-called  quadrupole  hysteresis  loop  (Figure 
13. ^a).  In  barium  titanate  crystals  the  transition  to  the  induced  phase 
occurs  through  the  formation  of  nuclei  of  the  new  phase,  i.e.,  the  same  as 
in  the  case  of  the  absence  of  a  field. 


Figure  13.4.  Hysteresis  loops  observed  in  barium  titante 
crystals  at  temperatures  close  to  the  points  of  phase 
transitions:  a  --quadrupole  hysteresis  loop  obtained  in 
barium  titanate  crystal  near  Curie  point.  Electric  field 
applied  in  direction  [110]  (Meyerhofer  [10]);  b  --  triple 
hysteresis  loop  in  barium  titanate  crystal  in  rhombic 
phase  at  temperature  close  to  temperature  of  transition 
into  tegragona!  phase.  Electric  field  applied  in  pseudo- 
cubic  direction  [100]  (Dreugard  and  liuibregtse  [51]). 

An  electric  field  also  has  an  effect  on  the  phase  transition  between 
two  ferroelectric  phases  with  different  directions  of  spontaneous  polariza¬ 
tion.  Thus,  Huibregtsc  and  Young  [11],  investigating  the  effect  of  an 
electric  field  on  the  transition  from  the  tetragonal  to  the  orthorhombic 
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phase,  observed  that  a  field  in  the  direction  [100]  lowers  the  transition 
temperature.  Thus,  the  range  of  the  tetragonal  phase  is  expanded.  This  is 
natural,  since  ar.  external  electric  field  on  [100]  favors  tne  direction  of 
polarization  corresponding  to  the  tetragonal  phase.  The  dependence  of 
polarization  on  the  strength  of  an  electric  field  applied  in  direction  [100] 
at  a  teirperature  somewhat  below  the  transition  temperature  (range  of  thermal 
hysteresis)  has  the  form  of  a  triple  hysteresis  loop  (Figure  13.4b).  This 
is  related  to  the  fact  that  the  component  of  spontaneous  polarization  in 
direction  [100]  is  smaller  in  the  rhombic  phase  than  in  the  tetragonal  phase. 

Triple  hysteresis  loops  can  be  observed  only  at  frequencies  below 
5  Hz.  At  higher  frequencies  the  crystal  is  destroyed.  Kuibregtse  and  Young 
[11]  snowed  that  the  presence  of  the  triple  hysteresis  loop  follows  from 
thermodynamic  theory.  Comparison  of  thermodynamic  theory  with  the  results 
of  dielectric  measurements  makes  it  possible  to  determine  many  coefficients 
in  the  expansion  of  the  thermodynamic  potential  by  degrees  of  polarization. 

If  this  expansion  is  written  in  the  form 

♦  - ♦. + A  (Pi  +  p I  +  t»)  +  B  (!*,  +  P*  +  ri)  +  a  {PIP*  +  p*p}  +  pip*)  + 

+  +  +  +  +  +  (13.7) 


then  coefficient  A  can  be  determined  from  Curie-Weiss  law  (9.1),  B  and  C 
from  measurements  of  the  dielectric  constant  and  spontaneous  polarization 
in  the  tetragonal  phase,  and  D  and  C  from  comparison  of  theoretical  and 
experimental  triple  hysteresis  loops  [11].  These  methods  yielded  the 
following  coefficients  in  the  expansion  cf  thermodynamic  potential  (13.7) 
for  barium  tltanate  (according  to  Drougard  and  Huibregtsc  [8]): 

Coefficient  Values  (in  esu) 

a.  .  .  3.? ■  la-*  <r — rj.  tM  r,«. no* c 

«...  -  io-i»(r— t* i.  r*»  r,  -  ns1  c 

C  .  .  .  9 . 10-0 
D  .  .  .  6  •  <0  O 

•i  .  .  .  i-  10  -0 

Coefficient  B  is  a  linear  function  of  temperature.  That  the  value  of 
B  for  8°C  lies  on  the  same  straight  lir.e  with  values  obtained  from  measure¬ 
ments  of  dielectric  nonlinearity  in  tne  paraelectric  phase  [12]  is  a  remark¬ 
able  fact  (see  §2,  Chapter  9). 

§2.  Effect  of  Mechanical  Stresses 

All  mechanical  stress  tensor  components  can,  in  principle,  have  an 
effect  on  the  ferroelectric  phase  transition.  In  practice,  however, 
investigations  with  large  stresses,  yielding  a  substantial  effect,  can  be 
done  only  with  hydrostatic  compression.  In  this  section,  therefore,  wc 
will  examine  almost  exclusively  the  action  of  such  s  type  of  pressure. 

In  the  case  of  the  first  order  phase  transition  the  change  of 
transition  temperature  •••ith  pressure  Ip)  is  determined  by  the  Clapeyron- 
Clausius  two-phase  equilibrium  equation: 


(13.8) 


it.  _  AV 
^  “r*A§» 


where  AV  is  the  change  in  volume  during  phase  transition  and  AQ  is  latent 
heat  of  transition. 

For  the  second  order  phase  transition  displacement  of  the  Curie  point 
with  pressure  can  be  determined  from  the  Emfest  relation: 


*h  ’  .Is 

*>  7* 


(13.9) 


where  a  and  a'  are  the  coefficients  of  volumetric  expansion  of  the  top  and 
bottom  transitions,  respectively,  c^  and  c^  are  the  corresponding  thermal 

capacities  at  constant  pressure  and  p  is  density.  Thermodynamic  investiga¬ 
tion  of  the  effect  of  hydrostatic  pressure  on  the  second  order  ferroelectric 
phase  transition  in  the  centrosymmetric  nonpolar  phase  was  conducted  by 
Kholodenko  and  Shirobokov  (13],  Smolenskiy  and  Pasynkov  [14],  Devonshire  [1]. 

For  dTc/dp  the  following  expression  was  obtained: 


jj*  *l<  +  4-  ♦], 

n 


(13.10) 


where  it  is  assumed  that  spontaneous  polarization  occurs  on  the  i-th  axis; 

+  *21  ♦  is  the  same  as  the  coefficient  of  volumetric  electro- 

striction.  We  will  note  that  it  is  easy  to  derive  (13.8)  from  (13.10)  by 
multiplying  the  numerator  and  th»  denominator  of  the  right  hand  side  by 
Tc  and  Pg  at  the  transition  poir t  and  by  using  (12.2). 

Equations  (13.8)  and  (13.10)  show  that  if  in  the  presence  of 
spontaneous  polarization  the  volume  of  the  ferroelectric  increases,  the 
Curie  point  decreases  as  pressure  increases  and  conversely. 

The  effect  of  pressure  on  the  ferroelectric  phase  transition  has 
been  most  thoroughly  analyzed  for  barium  titana’c..  These  investigations  were 
done  by  Merz  {15],  Kliaovski  [10-19],  Minomura,  et  al  [20],  Leonidova  and 
Volk  [21],  Samara  [22],  Polandov.  et  al  [23],  The  data  of  several 
researchers  are  presented  in  Figure  13.5.  Most  results  coincide  quite  well. 
The  value  of  dT,/dp  lies  within  the  range  (4 .8-0.3) • 10"3  deg*atm~l,  which 

is  close  to  7*10"3  deg’atm"1,  computed  according  to  (13.8).  Reduction  of 
the  transition  temperature  leads  to  a  reduction  of  spontaneous  polarization 
at  room  temperature  and  of  tetragonaiity  of  the  elementary  nucleus  [24]. 


The  coefficii  t  in  the  expansion  of  the  thermodynamic  potential 
and,  consequently.  Curie  constant  C  depend  little  on  pressure.  The 
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Curie-Weiss  temperature  0  drops  with 
pressure,  and  more  slowly  than  T£  in 

monocrystals  [22,  23].  This  indi¬ 
cares  that  tie  phase  transition  by 
its  nature  is  close  to  the  critical 
point.  Accordingly  the  permittivity 
at  the  Curie  point  increases  [22], 
and  the  jump  in  polarization 
diminishes  [23].  In  the  paraelec- 
trie  phase  the  dependence  of 
permittivity  on  pressure  obeys  some 
form  of  the  Curir— Weiss  law  [22] 
(Figure  13.6) : 


•"JtTTi*  (13.11) 

where  C*  -  e-  .8-2.9) ‘1 0"  atm,  and  pfl 

varies  from  crystal  to  crystal. 

Values  from  1.8*103  to  S»103  atm  ‘ 
have  been  determined.  In  contrast 
to  monocrystals,  ceramic  specimens  of 
barium  titante  display  a  decreasing 
value  of  permittivity  at  the  Curie 
point  with  increasing  pressure.  The  reasons  for  this  are  not  known.  How 
the  low-temperature  phase  transitions  «ill  behave  when  pressure  is  increased 
can  he  predicted  on  the  basis  of  Clapeyron-Clausiu?  equation  (13.8).  As 
pressure  increases,  the  temperature  of  transit’ on  from  the  tetragonal  phase 
to  rhombic  should  decrease  with  the  coefficient  2.6*10“3  deg*atm-*,  anJ 
the  temperature  of  transition  from  the  rhombic  phase  te  rhombohedral  should 
increase  with  the  coefficient  2-lQ*3  deg*atm-1.  Only  the  first  transition 
has  been  investigated  experimentally,  for  which  Minomura,  et  al  [20]  found 
a  linear  decrease  of  the  transition  temperature  with  the  coefficient 
2.8* 10' 3  deg*at;<Tl. 


Figure  13.5.  Dependence  of  Curie 
point  of  barium  titanate  on  hydro¬ 
static  pressure  according  to  the 
data  of  several  researchers:  1  and 
2  --  Samara  [22]  (1  --  monocrystals ; 
2  --  ceramics);  3  --  Merz  [IS];  4  -- 
Klimovski  [17];  5  --  Minomura,  et  al 
[20];  6  --  Leonidova  and  Volk  [21], 


Figure  13.6.  Dependence  of 
permittivity  of  barium  titanate 
monocrystal  on  hydrostatic 
pressure  for  three  temperatures. 
Measurements  made  on  axis  c. 
(According  to  Samara  [2?-)). 
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The  effect  of  hydrostatic  pressure  on  the  dielectric  properties  of 
certain  polycrystalline  solid  solutions  based  on  barium  titanate  (Ba,  SrVfiOj 

[25 j,  Ba(Ti,  Sn)0^  [26,  ]7  and  Ba(Ti,  Zr)Oj  [28,  29],  has  been  investigated 

in  several  works.  The  temperature  of  the  peak  permittivity  decreases  with 
increasing  pressure  in  all  these  systems,  and  s  at  the  peak,  as  in  poly¬ 
crystalline  barium  titanate,  decreases.  The  decrease  is  quite  substantial 
in  the  case  of  the  last  two  systems. 

In  contrast  to  hydrostatic  pressure,  two-dimensional  [30,  31]  and 
unidimensional  [32-35]  mechanical  compression  of  monocrystals  and  ceramics 
of  barium  titanate.  causing  distortion  of  the  elementary  nucleus,  increase 
the  temperature  of  the  ferroelectric  phase  transition.  As  shown  by 
Sinyakov,  et  al  [35],  unidimensional  pressure  has  an  effect  on  the  field 
induced  (in  direction  [100])  transition  from  the  paraelectric  to  the  ferro¬ 
electric  state.  If  the  field  and  the  pressure  coincide  in  direction,  then 
the  field  of  transition  increases  with  pressure,  and  if  the  pressure  is 
perpendicular  to  the  field,  then  it  decreases.  Uniaxial  pressure  also 
changes  the  temperatures  of  transition  from  the  tetragonal  to  the  rhombic 
and  from  the  rhombic  to  rhombohedral  phases.  As  pressure  increases,  the 
temperature  of  the  first  transition  increases,  and  that  of  the  second 
decreases  [35],  i.e.,  the  temperature  range  in  which  the  rhombic  phase  is 
stable  is  expanded. 

The  effect  of  hydrostatic  pressure  on  the  ferroelectric  phase  transi¬ 
tion  in  triglycine  sulfate  was  investigated  by  Jona  and  Shirane  [36], 

Zheludev,  et  al  [37] .  Leonidova,  et  al  [38-40].  Tne  coefficient  of 
volumetric  electrostriction  in  triglycine  sulfate  is  negative  and  in 
accordance  with  (13.10)  the  transition  temperature  increases  with  pressure. 
This  increase  is  linear  up  to  3*103  atm  with  tb»  coefficient  2.6*103  deg*atm_1 
[3*S  58].  If  the  coefficients  a’  and  8  in  the  expansion  of  thermodynamic 

2 

potential  (5 . 7T  are  independent  of  pressure,  then  P^  should  be  a  linear 

function  of  temperature  and  pressure.  Experimental  results  for  triglycine 
sulfate  in  the  range  of  temperatures  close  to  the  Curie  point  show  that 

y 

P~  is  actually  a  linear  function  of  T  and  p  [36].  The  linear  depender.'e  of 

P~  on  temperature  at  various  pressures  was  also  observed  in  the  case  of 
triglycine  fluorberyllate  [41]. 

It  was  reported  [42]  that  at  pressures  up  to  23* 103  atm  two  phase 
transitions  occur  in  triglycine  sulfate.  The  nature  of  the  new- phases  is 
presently  unknown.  Perhaps  the  behavior  of  triglycine  sulfate  at  such 
pressures  is  analogous  to  that  of  triglycine  selcnate.  Polandov,  ct  al 
[43]  noted  that  triglvcine  selcnate  crystals  under  sufficiently  high 
pressures  change  into  a  nonferroelectric  phase,  different  from  the  para- 
electric  phase,  stable  at  atmospheric  pressure. 

The  effect  of  hydrostatic  pressure  on  the  Curie  temperature  of 


KH^PO^  and  KD^PO^  was  investigated  by  "mebayashi,  et  al  [44].  The  Curie  point 

decreases  with  increasing  pressure  L.  ooth  compounds  with  the  coefficient 
(-4.52  ±  0.06) *10" 3  deg*atm‘l  for  KH2P04  and  (-2.63  ±  0.05)*10“3  deg'atm"1 

for  KD2P04.  In  the  opinion  of  the  authors  [44],  such  dependence  of  the 

phase  transition  temperature  on  pressure  is  substantiation  of  the  tunnel 
model  of  these  ferroelectrics.  According  to  this  model  the  transition 
temperature  is  determined  by  the  distance  between  two  potential  minimas  of 
the  hydrogen  bond  and  correlation  energy  of  the  four  protons  (or  deuterons) 
surrounding  each  P04-group  [45] .  It  can  be  expected  that  both  these  factors 

decrease  with  pressure.  Therefore  the  Curie  point  decreases  as  the  pressure 
increases.  The  probability  of  tunneling  is  greater  for  protons  than  for  a 
deuteron,  hence  the  effect  of  pressure  is  greater  in  the  case  of  Kl^PO^. 

Novakovic  [46]  established  that  the  tunnel  model  agrees  not  only  qualita¬ 
tively,  but  also  quantitatively  with  experimental  results  on  the  effect  of 
pressure  on  the  transition  temperature. 

Seignette's  salt  crystal  under  hydrostatic  pressure  were  first 
investigated  by  Veremeyev  [47]  who  established  that  when  pressure  is 
increased  the  upper  Curie  point  is  displaced  toward  higher  temperatures. 

Then  Bancroft  [48]  performed  detailed  analyses  up  to  a  pressure  of  10* 103  atm 
and  Samara  [49]  up  to  20*103  atm.  According  to  the  data  of  these  authors, 
the  top  Curie  pcint  increases  linearly  with  pressure  with  the  coefficient 
11 *10' 3  deg*atm_1.  This  dependence  can  be  measured  only  up  to  5 *10 3  atm, 
since  at  higher  pressures  the  Curie  point  becomes  higher  than  the  decomposi¬ 
tion  temperature.  The  lower  Curie  point  also  increases  with  increasing 
pressure  up  to  10*103  atm  with  the  coefficient  3.8*10-3  deg*atm“l,  and  from 
10*103  to  20*103  atm  with  the  coefficient  4.4»10“3  deg'atm"1.  Since  the 
bottom  Curie  point  increases  with  pressure  more  slowly  than  the  top,  the 
temperature  range  in  which  spontaneous  polarization  exists  is  expanded, 
but  the  maximum  spontaneous  polarization  remains  practically  unchanged  ' [49] . 
The  Curie  constants  C  in  the  Curie-Weiss  law  (9.1)  for  che  top  and  bottom 
Curie  points  increase  approximately  \%  per  1  atn  increase  of  pressure.  The 

isotherms  for  e  ,  as  in  the  case  of  barium  citanate,  obey  a  law  of  the  type 
<* 

(13.11)  in  the  paraeiectric  phase.  Spontaneous  polarization  increases  and 
decreases  with  pressure  near  the  phase  transitions  in  accordance  with 
thermodynamic  theory,  and  P3  is  a  linear  function  of  pressure. 
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CHAPTER  14.  RADIOSPECTROSCOPY  ANALYSES  AND  INVESTIGATIONS  OF  THE  MESSBAUER 
EFFECT  IN  FERRGELECTRICS 


Radiospectrosco:  ic  methods  yield  valuable  information  concerning  the 
symmetry  of  the  crystal  lattice,  local  magnetic  and  electric  fields  of  the 
lattice,  character  of  the  chemical  bond,  lattice  dynamics,  etc.  Therefore 
these  models  are  used  extensively  in  the  study  of  ferroelectrics . 

Analyses  of  the  spectra  of  the  resonance  absorption  of  gamma-rays 
(the  Messbauer  effect)  yield  information  physically  similar  to  the  informa¬ 
tion  extracted  by  radiospectroscopic  methods.  In  this  chapter,  therefore, 
we  will  examine  also  the  results  of  studies  of  the  Messbauer  effect  in 
ferroelectrics. 


Analyses  of  the  electroparamagnetic  resonance  (EPR)  and  nuclear 
magnetic  resonance  (NMR)  are  usually  done  in  the  presence  of  an  external 
stationary  magnetic  field.  In  NMR  it  also  largely  determines  the  resonance 
frequency  ui.  In  the  simplest  case  of  free  spin:  w  =  yH^  (HQ  is  the  external 

magnetic  field,  y  is  the  gyromsgnetic  ratio).  The  EPR  spectrum  is  deter¬ 
mined  both  by  the  external  magnetic  field  and  by  the  internal  crystal  fields 
of  the  lattice.  Analyses  of  nuclear  quadrupole  resonance  do  not  require 
the  application  of  a  magnetic  field,  and  the  spectrum  is  determined  entirely 
by  intracrystalline  fields. 

§1.  Electron  Paramagnetic  Resonance 

In  the  EPR  method  the  magnet!"  dipole  moments  of  electrons  of  the 
shell  of  paramagnetic  ions  are  used  is  probes  that  yield  information 
concerning  the  crystal  lattice.  This  method  is  extremely  sensitive  to 
details  of  the  structure  and  changes  in  it.  It  yields  information  con¬ 
cerning  the  character  of  phase  transitions  and  related  changes  in  symmetry, 
motion  of  ions  and  reorientation  of  dipole  groups,  etc.  f 1 J . 

EPR  spectra  are  interpreted  with  the  aid  of  the  concepts  of  static 
intracrystalline  field,  acting  or  the  electrons.  The  theory  of  point 
charges  and  dipoles  and  perturbation  theory  are  usually  employed  here  for 
comparison  of  theory  with  experiment.  The  phenomenological  method  of  the 
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so-called  spin  Hamiltonian,  which  is  the  energy  operator,  is  used  most 
frequently  for  describing  the  EPH  spectrum.  The  Hamiltonian  usually  consists 
of  a  2eemann  term,  describing  the  separation  of  energy  levels  in  a  magnetic 
field,  and  terms  that  describe  the  interaction  of  the  electron  spin  of  an 
ion  with  the  intracrystalline  field  acting  upon  it.  The  EPR  spectrum  can  be 
described  if  the  parameters  entering  in  the  Hamiltonian  are  known. 

The  fine  structure  of  EPR  spectra  is  determined  basically  by  the 
local  symmetry  of  the  crystalline  field  at  the  point  where  the  paramagnetic 
ion  is  located.  One  or  another  form  of  spin  Hamiltonian  is  used  for 
describing  the  spectrum  in  accordance  with  the  character  of  symmetry  of  the 
surroundings,  since  the  spin  Hamiltonian  should  be  invariant  in  relation  to 
all  element?.'  of  symmetry  of  a  given  point  group. 

For  example,  for  the  case  of  an  i(  n  in  the  S-state  with  spin  S  -  5/2 
and  tetragonal  symmetry  (groups  C^,  S^,  C4v>  C^,  D^,  D and  D^),  the 

spin  Hamiltonian  can  be  represented  in  the  form: 

*-nW.s. + #.3  <//,$, + u,st)  +  + ntf + (14.1) 

for  trigonal  symmetry  (groups  C^,  C3v,  D,,  l)3d,  Sfi) 

x~t>WX  +  tjW.S,  +  Bt$, )  +  £<%+&&+;  14.2) 

for  rhombic  and  other  cases  of  symmetry,  lower  than  axial 

x  -  t.W,s, + + t.W,s,  +  + Biol + ajo*  +  ajoj + *t°!  (14.3) 

Here  the  following  symbols  are  used:#  —  energy  operator  (spin  Hamiltonian); 
first  two  terms  in  equations  (14.1)  and  (14.2)  and  the  first  three  terms 
in  equation  (14.3)  describe  the  Zeemann  separation  of  the  basic  state  in 
magnetic  field  H  with  consideration  of  the  anisotropy  of  the  g-factor;  8  is 
the  Bohr  magneton;  S  is  the  electron  spin  operator  of  the  ion.  The  other 
terms  describe  the  interaction  of  ion  spin  with  the  crystalline  field. 

The  indices  B?  denote  the  Hamiltonian  constants,  determination  of  which  is 

1  li¬ 

the  purpose  of  the  experiment.  The  symbols  G.‘  denote  the  operators  of  the 

spin  variables  of  the  corresponding  orders,  specifically: 

«»  T  (“♦  +  Sl)t 

(S  1)  —  25|  SJ  —  M  (S  +  0  +  3S*  (S  +  *)*. 
oj — ^  J  (s  +  J) — i|  (sl + iT) + (s\ + •?!)  — a  (S + 1)  -  5»). 

+  si) +(si+ si)  s.\. 
oj-  ‘-{sl+sD. 
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where 


■■  SB  i  tS  y 

If  the  spin  of  the  paramagnetic  ion  differs  from  5/2,  then  the 
number  of  terms  in  the  spin-Harailtonian  may  change.  For  S  =  7/2,  for 
instance,  operators  of  the  6th  order  should  be  taken  into  account.  In  the 
case  of  tetragonal  symmetry  terms  B®0®  +  should  be  added  to  Hamilto/.ian 
(14.1),  where  66  66 

0}  «■  23iS*  — 106  [3S  (S  -f  1)  —  7]  S* ( J05S«  (S  + 1)« — 523S  (S  + 1)  +  294)  SJ  — 

-  5S>  (5  +  ip  +  40S*  (S  + 1)»  -  60S  {S  -f  t). 

«•  —  -5-  UltSl — S  (S  + 1) — 3Sl  (4  +  5*)  +  (S‘  +  Si)l!iS>-i(S  +  i)-38l}. 

In  addition  to  the  examined  terms,  the  Hamiltonian  should  include 
those  that  describe  the  superfine  interaction  between  spins  of  nucleus  I 
and  electron  shell  S  of  the  paramagnetic  ion.  These  terms,  which  should  be 
added  to  (14.1) -(14. 3) ,  have  the  form: 


Ajil.  +  B{S-!.+  S,l,) 


(14.4) 


for  axial  symmetry  and 


**$*/,+  DSal  CSply 


(14.5) 


for  rhombic  symmetry.  To  determine  the  character  of  symmetry  of  the 
surroundings  of  a  paramagnetic  ion  it  is  necessary  to  analyze  the  angular 
dependence  of  the  EPR  spectrum.  The  spin-Hamiltonian  constants  are  found 
from  data  concerning  the  positions  of  the  EPR  lines  at  certain  angles 
between  the  axes  of  the  crystal  and  external  magnetic  field  (see,  for 
instance,  [1-3]  on  general  EPR  problems).  Such  an  EPR  dependence  in  lithium 
niobate  is  given  by  way  of  example  of  the  angular  dependence  of  the  EPR 
spectrum  in  Figure  14.1  according  to  data  [4].  The  five  observed  lines  per- 

5  3  3  - 

tain  to  transitions  between  states  with  spin  projections:  T**T’ 

T *"~T'  “T**~T  and  —  The  spectrum  is  described  by  the  following 

Hamiltonian  parameters  for  the  case  of  the  trigonal  symmetry  which  lithium 
niobate  possesses  (see  expressions  (14.2)  and  (14.4)):  c 

=  3B^  =  760  e,  b^  =  60B^  =  -9  e,  A  =  B  =  87  ±  "  e.  It  ic  assumed  that  Mn“+ 

ions  replace  Nb^  ions. 

EPR  investigations  are  conducted  in  ferroelectrics  on  impurities  of 
certain  paramagnetic  ions  found  in  the  crystal  lattice  (the  impurity  con¬ 
centration  Is  usually  a  fraction  of  a  percent)  just  like  analyses  of 


paramagnetic  defects  of  the  crystal  lattice,  occurring,  for  instance,  during 
irradiation  of  ferroelectrics,  and  also  during  reduction  of  a  number  of 
oxygen-containing  ferroelectrics . 

Ions  with  a  half-field  d-  or  f-shell,  in  the  S-state  are  most  often 
used  as  the  paramagnetic  impurity,  since  the  electron  resonance  spectra  of 
these  ions  can  be  detected  even  at  high  temperatures  by  virtue  of  the  weak 
interaction  of  their  electron  shells  with  the  crystal  lattice  and,  conse¬ 
quently,  rather  long  time  of  spin-lattice^elaxatijn  and  relatively  narrow 
line  width.  These  ions^are  mo^t  often  Fe  or  Mn  ,  the  basic  state  of 
which  is  6S,jy,,  or  Gd  or  Eu  ions  in  the  8S?^2  state. 

The  EF’R  has  been  analyzed  most  thoroughly  in  ferroelectrics  with  the 
perovskite  st. *ucture.  We  will  illustrate,  therefore,  the  capability  of  the 
EPR  method  by  way  of  example  of  barium  titanate.  Hornig,  et  al  [5]  first 
observed  the  EPR  spectrum  in  barium  titanaj^crystals.  It  was  found  that 
the  spectrum  is  caused  by  impurity  ions  Fe  in  the  basic  state  6S_  .., 

+  4"f  + 

substituting  Ti  ions.  The  F.PR  in  the  tetragonal  and  cubic  phases  on 
Fe+++  was  investigated  in  [S,  6]. 

The  following  form  of  Hamiltonian  was  used  ir,  [5]  for  describing  the 
EPR  in  the  tetragonal  phase: 


*  “*?«S  +  DSl  +  •  +  » (5«  +  $•). 


(14.6) 


The  parameter  l)  is  the  axial  field  parameter.  In  the  cubic  phase 
a  =  b,  D  =  0. 

It  was  shown  [5,  6]  that  the  crystalline  field  in  the  positions 
occupied  by  Fe  ions  possesses  axial  symmetry  and  the  z  axis  of  the 
axial  field  coincides  with  the  tetragonal  axis  of  the  crystal. 

Thus  the  symmetry  of  the  immediate  surroundings  of  Fe+++  ions  and, 
consequently,  presumably  of  Ti  ions,  coincides  with  the  tetragonal 
symmetry  of  the  lattice.  Anisotropy  of  the  g-factor  was  not  noted. 

The  spin  Hamiltonian  parameters  for  Fe+++  according  to  [5],  in  the 
cubic  phase  (-*T60°C)  arc:  g  =  2.0036  t  0.002,  a  =  0.0102  i  0.001  cm"1, 

0  =  0;  in  the  tetragonal  phase  (+27°C):  g  =  2.0036  ±  0.002;  a  =  0.0091  i 
t  0.002,  0  =  0.0929  cm'1. 

The  EPR  spectrum  on  Fe+++  in  the  rhombic  and  rhombohedral  phases 
of  barium  titanate  is  investigated  in  [7].  It  turned  out  in  the  rhombic 
phase  that  the  axial  axis  is  perpendicular  to  spontaneous  polarization. 

The  F.PR  spectrum  of  barium  titanate  crystals  doped  with  Gd++*  ions 
was  investigated  [8,  9).  Gd  ions  replace  chiefly  Ba  ions  in  the 
lattice,  and  therefore,  naturally,  the  crystalline  field  in  the  tetragonal 
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Figure  14.1.  Angular  dependence 
of  HPR  spectrum  of  Mii  in 
LiNbOj  at  room  temperature  (X  ~ 

~  8  mm)  [4].  $  --  angle  between 

trigonal  axis  and  external 
magnetic  field  H. 


phase,  acting  on  Gd  ,  possesses  axial  symmetry  and  the  axial  axis  coincides 
with  the  tetragonal  axis  c.++It  should  be  pointed  out^+however,  that  in 
addition  to  the  lines  of  Gd  in  the  positionj  of  Ba  ,  there  is  also  a+ 
cubic  spectrum,  whijh+in  [9]  is  ascribed  to  Gd  in  the  positions  of  Ti  +  , 

since  the  larger  Gd  ions,  extending  into  the  octahedron,  should  move 
oxygen  ions  apart,  and  therefore  the  axial  component  of  the  field  may 
vanish. 


Analyses  of  EPR  on  Mn+  ions  were  don^  in  [10-12].  The  crystalline 
field  in  the  tetragonal  phase,  acting  orrMn  ,  has  axial +s^mmetry.  It  is 
proposed  [12]  that  Mn+  ions  replace  Ba+*  faster  than  Ti++  r  but  this  can 
hardly  be  considered  conclusively  proved. 

Many  works  contain  an  analysis  of  the  temperature  dependence  or  the 
EPR  spectrum  [6-8].  Shown  in  Figure  14.2,  for  example,  is  the  temperature 
dependence  of  the  resonance  magnetic  fields  of  BaTiO,,  doped  with  Gd++  , 

in  the  tetragonal  phase  [18].  The  greatest  temperature  dependence  is 
observed  for  the  axial  field  D  or  b2  Q. 

Of  great  importance  are  attempts  to  connect  the  spin  Hamilitonian 
parameters  with  the  coefficients  of  the  crystalline  field  potential,  which 
o.  c  represented,  as  we  know,  in  the  form  of  expansion  in  terms  of 
spherical  harmonics: 


-  *Sr*H  +  &  [vf  +  (0'*  (vi +  >?)]+...  (14.7) 


The  first  terra  describes  the  axial  field  and  is  denoted  through  V  , 
and  the  second  term  describes  the  cubic  field  and  is  denoted  through  V  . 

The  problem  of  determining  the  amount  ot  separation  of  the  basic 
S-state  under  the  influence  of  the  crystalline  field  is  quite  complex. 

The  S-state  should  be  separated  neither  by  the  crystalline  fiold  nor  by 
spin-orbital  interaction,  and  the  separation  observed  in  tests  is  evidence 
of  the  need  to  take  into  account  the  admixture  of  various  perturbed  states. 
The  problem  of  separation  of  the  6S^7-sT.at'  was  first  examined  by 
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Van  Vleck  and  Penney  [13].  The  problem  was  also  discuss^later  [14-17]. 
Various  schemes  of  perturbation  of  the  basic  state  of  Gd  r  have  been  con¬ 
sidered  [18]. 


The  contributions  of  the 
various  mechanisms  of  axial  separa¬ 
tion  are  proportional  either  to  the 
first  or  second  power  of  the  axial 
potential  of  the  crystalline  field. 
According  to  [13] 

D  =  aVay  -e  BVax<  (14.8) 

Calculation  on  the  basis  of 

a  model  of  point  charges  and  dipoles 

[6]  shows  that  the  change  of+axial 

potential  V  in  position  Ba  or 
ax 

Ti  on  transition  to  the  tetragonal 
phase  depends  in  the  case  of  the 
barium  titanate  lattice  on  distortion 
of  the  cubic  lattice  6a/a,  where  a  is 
the  lattice  constant,  and  also  on 
terms  of  the  type  (6z^/a)‘,  where  az..  is  displacement  of  "i”  type  ions  from 

positions  ir.  «.ne  cubic  phase.  Here  the  amount  of  deformation  6a/a  of  the 
lattice  is  proportional  to  the  square  spontaneous  polarization,  since  the 
deform'.-  i  of  the  lattice  in  barium  titanate  is  by  its  nature  the  result  of 
elcctrost  tion  (barium  titanate  lacks  the  piezoelectric  effect  in  the 
paraelectnc  phase).  The  terms  (<5z./a)2  are  also  proportional  to  P2. 

An  experiment  for  tetragonal  barium  titanate  yielded  a  linear 
dependence  betweer  axial  field  parameter  D  or  Q  and  square  spontaneous 

polarization,  and  also  da/a  (Figure  14.3)  which,  apparently,  testifies  to 
the  small  contribution  of  the  quadratic  tens  of  the  axial  potential  to 
axial  fiold  parameter  D  or  ^  (see  equation  (14.8))  (the*  symbol  D  is 

usually  employed  in  the  Hamiltonian  for  Fe*++,  and  b^  ^  for  Gd+++) .  In  the 

case  at  hand,  consequently,  axial  parameter  (P  or  ^5  is  proportional  to 

the  electric  fWd  gradient,  since  the  field  gradient  is  proportional  to 
the  coefficient  of  the  axial  crystalline  field  potential  Ali  (see  equation 
(14.7)1. 

e  *7 

Qivadrupole  separation  in  several  compounds  was  measured  on  Fe  [16] 
with  the  aid  of  the  Messbauer  effect  and  the  field  gradient  obtained  from 
separation  was  compared  with  the  axial  field  parameter  n  known  from  F.PR 
analyses.  In  other  words,  an  attempt  was  made  to  measure  experimentally 
the  relationship  between  D  and  V  in  several  compounds.  The  great  scatte,- 

ing  of  points,  however,  hardly  permits  the  reaching  of  any  general  conclu¬ 
sions  concerning  the  validity  of  present  theories. 
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Figure  14.2.  Temperature  dependence 
of  resonance  magnetic  fields  in 
tetragonal  phase  of  BaTiO^  doped 

with  Gd+++ .  (According  to  Riraai 
and  De  Mars  [8]). 
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An  attempt  was  made  [19]  to 
correlate  theoretically  the 
temperature  dependence  of  separation 
of  the  crystalline  field  in  SrTiO, 

on  Gd*  *  with  the  presence  of  the 
"soft"  ferroactive  mode,  which, 
according  to  [19],  should  apparently 
contribute  to  the  temperature 
dependence  of  parameter  Q  (b^  = 

=  606^)  (see  equations  (?4.1)-(!4.3)) . 

F.PP.  analyses  on  Gd+++  in  KTaO,  [20], 

however,  did  not  reveal  much  change 
in  the  parameter  b^  although 

SrTiOj  and  KTaO^  are  similar  from  the 

point  of  view  of  crystal  lattice 
dynamics.  Therefore  the  question  of 
the  influence  of  the  ferroactive  mode 
on  the  temperature  dependence  of  b^  Q 
remains  unanswered. 

Another  interesting  direction  of  the  EPR  analyses  of  ferroelectrics 
is  investigation  of  crystal  lattice  defects.  Many  attempts  nave  been  made 
to  analyze  crystal  lattice  defects  of  barium  titanate  by  means  of  EPR.  EPR 
signals  in  reduced  barium  titanate  containing  certain  impurities,  ascribed 
to  F-centers  (negative  ion  vacancies  of  the  crystal  lattice,  capturing  one 
electron),  have  been  detected  in  a. number  of  works  [21-23].  No  signals  . 
corresponding  to  single-charge  vacancies  were  observed,  however  in  [24-261. 
Therefore  the  question  of  the  existence  of  such  vacancies  in  barium  titanate 
remains  unansw_red. 

It  has  also  been  shown  through  EPR  analyses  that  finely  dispersed 
barium  titanate  powder  with  granularity  reduced  to  1,000  K  does  not  show 
a  change  in  the  intracrystalline  field,  i.e.,  spontaneous  polarization  is 
not  reduced  under  thc-se  c^Mitions .  [27] . 

EPR  analyses  a  *e  less  developed  in  ferroelectrics  with  lower  symmetry 
than  in  the  case  of  perovskites.  Tnis  is  apparently  the  result  of  the 
difficulty  in  deciphering  the  spectra.  Development  of  analyses  of  perov¬ 
skites  was  also  facilitated  by  the  ability  to  observe  the  clearly  distinct 
temperature  dependence  of  separation  after  eliminating  degeneration  as  the 
result  of  phase  transition  from  the  cubic  phase  to  a  phase  with  lower 
symmetry,  making  it  possible  to  determine  small  deviations  in  cubic  symmetry. 
In  the  case,  however,  of  phase  transition  between  phases  with  lower  symmetry, 
there  is  much  less  change  in  separation. 

The  free  radicals  that  appear  as  a  result  of  irradiation  in  many 
ferroelectrics  with  lover  symmetry  have  been  analyzed  with  the  aid  of  EPR. 


Figure  14,3.  Dependence  of  axial 
field  parameter  b.,  Q/2gB  and  also 

of  <$a/a  on  in  BaTiO_  doped 

with  Gd+++  and  Fe*++.  (According 
to  Rimai  and  De  Mars  [8]).  a  -- 

cubic  lattice  oarameter,  P  — 

■  s 

spontaneous  polarization. 


These  analyses  established  the  number  of  nonequivalent  free  radical  positions, 
and  consequently  the  number  of  groups  of  atoms  associated  with  them  in  the 
elementary  nucleus,  change  cf  this  number  on  transition  to  the  Curie  point, 
form  and  dynamics  of  free  radical  formation,  etc.  EPR  analyses  were  con¬ 
ducted  [28,  29]  in  irradiated  Seignette’s  salt  in  which,  as  it  turned  cut, 
three  types  of  free  radicals  formed.  They  were  identified  and  their 
behavior  was  investigated  as+a  function  of  tine  and  temperature.  EPR 
analyses  on  impurity  ions  Cu  in  tri glycine  sulfate  and  Seignette's  salt 
[30,  31]  yields  some  information  concerning  the  causes  of  "fixing"  of  ++ 
spontaneous  polarization  in  these  ferroolectrics  by  the  introduction  of  Cu  , 
which  is  manifested  in  the  appearance  of  double  hysteresis  loops,  increased 
coercive  force,  etc.  [32-35].  It  turned  out  that  glycine  groups  related  to 
various  elementary  nuclei  are  bonded  to  each  other  by  the  copper  ion.  This 
also  impedes  repolarization  of  the  crystal. 

It  should  be  pointed  out  in  conclusion  that  EPR  analyses  in  ferro- 
electrics  yieM  valuable  informa  .ion  concerning  lattice  symmetry  at  the 
location  of  paramagnetic  impurit »  and  concerning  changes  in  symmetry  during 
phase  transitions,  aid  in  determining  tho  character  of  impurity  substitu¬ 
tion  (its  location  in  the  lattice),  etc. 

§2.  Nuclear  Magnetic  Resonance  -.NMU) 

The  greatest  successes  in  NMR  analyses  in  ferroelectrics  have  been 
achieved  as  a  result  of  investigating  ferroelectrics  with  hydrogen  bonds, 
to  which  are  devoted  most  work:  .  Analyses,  have  also  been  done  on  other 
nuclei.  NMR  analyses  made  it  jossible  in  many  cases  to  clarify  crystalline 
structure,  determine  the  positions  of  resonating  nuclei,  analyze  the 
character  of  ferroelectric  pha:e  transition,  etc. 

We  will  discuss  briefly  the  parameters  that  are  determined  with  the 
aid  of  NMR.  The  position  of  resonance  lines  and  chemical  displacement 
yield  information  concerning  the  chemical  bond  and  its  changes  at  the  Curie 
point.  We  will  recall  that  chemical  displacement  is  AH0/Hp*100,  where  AH^ 

is  the  difference  between  the  resonance  magnetic  fields  of  a  given  nucleus 
for  the  investigated  crystal  and  the  cc.Tesponding  standard  at  some  fixed 
frequency  of  the  NMR  signal.  is  the  resonance  field  on  the  same  frequency 


for  the  corresponding  standard.  The  chemical  displacement  is  related  to 
change  in  electron  density  near  the  nucleus  and  distortion  of  spherical 
symmetry  of  the  closed  electron  shell,  leading  to  a  change  in  the  screening 
effect  of  the  electron  cloud  ir.  relation  to  the  nucleus. 

Valuable  information  concerning  crystalline  structure  and  molecular 
motion  is  also  derived  from  analysis  of  the  second  moment  of  the  resonance 
line.  The  second  moment  S„  of  the  absorption  Hr-*,  the  contour  of  which  is 

some  function  of  the  external  magnetic  field  f(H  -  Hq) ,  is 


s,-: 


* 


(14.9) 
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where  H  is  the  external  field,  is  some  fixed  external  field,  in  particular, 

corresponding  to  the  center  of  the  line.  This  value  depends  on  the  mutual 
location  and  mobility  of  nuclei,  on  which  resonance  is  observed.  In 
particular,  according  to  Van  Vleck  [36].,  for  a  polycrystal  containing 
identical  nuclei,  without  consideration  of  molecular  motion 

+  (14.10) 


where  I  is  the  spin  of  resonating  nucleus,  g  ?.s  the  spectroscopic  separation 
factor,  V»nu  is  the  nuclear  magneton,  N  is  the  total  number  of  nuclei  in  the 

crystal,  is  the  vector  connecting  nuclei  i  and  j.  Comparison  nf  the 

experimental  and  theoretical  values  of  the  second  moment  makes  it  possible 
to  clarify  the  position  of  resonating  nuclei  in  the  crystal  lattice,  and 
also  to  make  conclusions  concerning  the  mobility  of  certain  groups  of  atoms. 
Analysis  of  spin  lattice  relaxation  time  T,  yields  information  concerning 

the  motion  dynamics  of  nuclei.  The  temperature  dependence  of  the  spectrum 
in  the  vicinity  of  the  Curie  point  yields  information  concerning  the  nature 
and  character  of  the  phase  transition.  Finally,  analysis  of  the  quadrupole 
separation  of  the  spectrum  and  especially  analysis  of  the  purely  quadrupole 
resonance  makes  it  possible  to  measure  the  electric  field  gradient  tensor 
and  to  determine  with  great  accuracy  the  structure  and  character  of  the 
internal  motion.  Nuclear  quadrupole  resonance  will  be  discussed  at  length 
below.  We  will  illustrate  '.he  capabilities  of  the  NMR  method  by  way  of 
several  examples. 

The  first  to  measure  the  second  moment  in  the  ferroelectric  phase 
transition  was  Losche  [37]  at  the  upper  Curie  point  of  Seignette’s  salt. 

It  was  shown  later  [38]  that  Seignette’s  salt  displays  no  notable  change 
of  the  second  moment  at  the  bottom  Curie  point,  which  indicates  that  these 
two  phase  transitions  have  a  different  character.  Analyses  of  changes  of 
the  second  moments  made  it  possible  to  refine  the  nature  of  the  ferro¬ 
electric  transition  in  many  ferroelectrics.  Lundin,  et  al  [39],  for  example, 
reported  about  a  .change  of  the  second  moment  in  potassium  ferrocyanide  and 
showed  that  its  ferroelectric  properties  are  closely  related  to  the 
ordering  of  dipolar  molecules  of  the  water  of  crystallization  [40-42],  NMR 
analyses  in  dicalcium  strontium  propionate  [43]  led  to  the  conclusion  that 
spontaneous  polarization  in  this  compound  is  related  to  the  disruption  of 
the  plane  structure  of  the  propionic  acid  if  a  (CH^CH^CCX)) ,  which  is,  to 

some  degree,  analogous  to  the  mechanism  of  spontaneous  polarization  in 
triglycine  sulfate. 

In  certain  cases  it  is  very  useful  to  do  NMR  analyses  in  deuterated 
crystals.  The  mechanism  of  ferroelectric  transition  related  to  the  ordering 
of  NH^  groups  was  proposed  as  a  result  of  NMR  analvses  in  ammonium  sulfate 

0^4 ^2^4  and  deuterated  ammonium  sulfate  [44].  Particularly  interesting 
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results  were  obtained  from  analysis  of  deuterated  crystals  of  the  potassium 
dihydrophosphate  and  triglycir.e  sulfate  groups.  Analysis  of  proton 
resonance  in  potassium  dihydrophosphate  [44],  as  is  well  known,  did  not 
turn  up  substantial  changes  of  the  second  moment  at  the  Curie  point. 

Analogous  results  were  obtained  from  analysis  of  the  form  of  NMR  lines  on 
protons  and  nuclei  of  fluorine  in  ferroelectrics  of  the  triglycine  sulfate 
group  [46-48].  These  results  contradict  present  notions  concerning  the 
great  role  of  hydrogen  bonds  in  spontaneous  polarization  in  these  compounds. 

NMR  analyses  on  deuterons  with  quadrupole  moments  yield  much  informa¬ 
tion  concerning  the  character  of  notion  of  hydrogen  ions  and  changes  in 
crystal  structure  and  also  produce  information  concerning  change  in  the 
character  of  motion  of  hydrogen.  A  sudden  change  was  noted  [SO]  in 
quadrupole  distribution  of  NMR  lines  on  deuterons  in  deuterated  potassium 
dihydrophosphate  at  the  Curie  point.  Above  the  Curie  point  was  observed  a 
spectrum  corresponding  to  one  value  of  the  electric  field  gradient  tensor, 
and  below  the  Curie  point,  to  two  different  tensor  values.  The  reason  for 
this  could  be  that  above  the  Curie  point  the  deuterons  "jump"  back  and 
forth  on  the  0-D...0  bond  at  a  higher  frequency  than  the  frequency  of 
quadrupole  separation  (see  below),  and  the  electric  field  gradient  tensor 
corresponding  to  two  equilibrium  positions  is  moderated.  As  the  temperature 
falls  below  the  Curie  point  the  time  between  jumps  increases  sharply,  and 
therefore,  instead  of  one  line  there  will  be  two  lines  corresponding  to  two 
electric  field  gradients  in  two  different  equilibrium  positions.  In  a 
narrow  temperature  range  near  the  Curie  point  coexist  a  high-temperature 
spectrum  and  a  low-temperature  spectrum,  indicating  that  a  first  order 
phase  transition  takes  place.  It  turned  cut  here  that  the  electric  field 
gradient  tensor  does  not  experience  considerable  change  on  transition  through 
the  Curie  point. 

Data  concerning  the  electric  field  gradient  tensor  in  two  equilibrium 
positions  of  deuterons  [50]  ir.  combination  with  data  concerning  the 
timperature  dependence  of  spin-lattice  relaxation  time  [52]  made  it  possible 
to  evaluate  the  temperature  dependence  of  the  time  between  the  skips  of 
deuterons  on  the  0-D..-0  bond  [49]  (Figure  14.4).  It  is  clear  from  Figure 
14.4  that  when  a  potassium  dihydrophosphate  crystal  is  cooled  the  time 
between  skip*,  of  deuterons  increases  at  the  Curie  point  by  at  least  8  orders 
of  magnitude.  Whether  the  motion  of  deuterons  on  the  line  above  the  Curie 
point  is  truly  a  tunnel  effect  or  represents  thermally  activated  jumps 
through  a  barrier  has  not  yet  been  established. 

Interesting  results  were  also  obtained  from  analysis  of  NMR  in 
deuterated  trigiycine  sulfate  [49,  50].  Analysis  of  the  spectrum  of  ND3 

groups  [50],  and  also  of  the  total  spectrum  of  the  deuterons  of  triglycine 
sulfate,  including  the  spectra  of  deuterons  forming  the  bond  0-D...0  [49], 
made  it  possible  to  clarify  the  role  of  each  of  the  three  glycine  groups 
found  in  the  triglycine  sulfate  molecule  during  the  ferroelectric  phase 
transition.  As  was  shown  in  [51],  the  planar  glycine  group  GUI  and  nor,- 
planar  group  GII  are  connected  by  a  short  hydrogen  bond.  The  proton  is 
located  in  planar  group  GUI.  If  the  proton  jumps  into  group  GII,  the 
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nitrogen  of  this  group  returns  to  the  plane  and  the  nitrogen  in  the  previously 
planar  group  leaves  the  plane.  Thus  groups  GII  and  Gill  change  roles.  NMR 
analyses  [49]  made  it  possible  to  establish  that  the  deuterons  of  groups 
GII  and  Gill  in  the  paraelectric  phase  jump  back  and  forth  on  the  bond  at  a 
frequency  greater  than  the  frequency  of  quadrupole  separation,  and  "freeze" 
in  group  GUI  below  the  Curie  point. 
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Figure  14.4.  Temperature  dependence 
of  deuteron  skipping  time  on  hydro¬ 
gen  bond  in  I^PO^  according  to 

Bjorkstara  (figure  taken  from  [49]). 
groups  GII  and  GUI  and  transition  of 


InveJtigations  [SO]  show, 
furthermore,  that  GI  glycine  groups 
in  the  paraelectric  phase  are 
statistically  not  distributed  above 
and  below  the  mirror  plane,  as  was 
proposed  in  [SI],  but  lie  in  this 
plane  [49,  SO].  Large,  but  gradual 
changes  in  the  field  gradient  tensor 
at  the  location  of  the  deuteron  of 
group  GI  on  cooling  below  the  Curie 
point  are  evidence  of  a  gradual  dis¬ 
placement  of  the  GI  group  from  the 
mirror  plane  into  its  low-temperature 
position,  found  in  [51],  Thus,  NMR 
data  show  that  the  ferroelectric 
transition  in  triglycine  sulfate 
should  be  regarded  as  a  combination 
of  the  order-disorder  transition  of 
protons  OIII-H-OII  and  glycine 
the  displacement  type  for  group  GI. 


Analogous  results  were  recently  obtained  from  analysis  of  deuteron 
resonance  in  the  antiferroelectric  ND4D2PC>4  [53],  The  extra  separation  of 

the  NMR  lines  in  the  ferroelectric  phase  is  interpreted  as  the  result  of 
ordering  of  deuterons  in  the  hydrogen  bonds  between  the  phosphate  ions. 

One  of  the  interesting  questions  of  the  physics  of  ferroelectricity 
is  that  of  the  influence  of  the  character  of  the  chemical  bond  on  spontaneous 
polarization.  It  is  important  to  determine,  in  particular,  whether  there  is 
a  change  in  the  degree  of  covalence  of  the  bond  at  the  point  of  transition 
in  a  number  of  ferroelectrics  and  antiferroelectrics  of  the  perovskite  type. 
The  magnitude  of  the  chemical  displacement  (-1.2%)  observed  in  compounds  of 
the  perovskite  type  on  Pb207  nuclei  is  evidence  for  substantial  covalent 
character  of  the  chemical  bond  of  the  lead  ions  in  these  compounds  [54] . 

Lead  zirconate  and  one  of  its  solid  solutions  do  not  display  change  in 
chemical  displacement  at  the  Curie  point.  This  indicates  that  the  ferro- 
or  antiferroelectric  phase  transition  is  not  related  to  substantial  change 
in  the  covalence  of  the  bonds  of  lead  ions. 


Noteworthy  of  the  works  cn  NMR  analyses  for  various  nuclei  are 
[55,  561.  The  NMR  of  Seignettc's  salt  on  Na23  ions  was  analyzed  in  [55]. 
Work  [56]  pertains  to  analysis  of  quadrupole  separation  of  NMR  on  Li* 
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nuclei  in  several  ferroelectrics  containing  lithium  ions  (lithium  ammonium 
and  lithium  potassium  tartrates,  lithium  niobate  and  lithium  tantalate) . 

We  will  examine  briefly  NMR  analyses  in  lithium  niobate  and  lithium  tantalate. 
NMR  on  Li7  nuclei  in  lithium  niobate  was  examined  in  [56-59].  It  was  shown 
that  the  asymmetry  parameter  n  3  0  in  lithium  niobate  and  lithium  tantalate 
(determination  of  the  various  parameters  describing  the  interaction  between 
the  quadrupolc  moment  of  the  nuclei  and  the  crystalline  field  of  the  lattice 
is  described  in  the  following  section). 

NMR  analyses  substantiate  x-ray  and  neutronographic  data  concerning 
the  rhombohedral  symmetry  of  these  crystals,  to  which  correspond  n  =  0. 

The  quadrupole  bond  constants  in  lithium  tantalate  increase  in  the  vicinity 
of  300°C.  The  quadrupole  bond  constant  of  Li7  in  lithium  niobate,  according 
to  [59],  is  S3  kHz.  The  second  moment  of  the  resonance  curve  was  determined 
in  [58].  The  mechanism  of  spin-lattice  relaxation  is  discussed  in  [58,  59], 
but  a  universally  accepted  point  of  view  has  not  yet  been  developed.  The 
opinion  that  the  mechanism  of  relaxation  in  the  investigated  crystals  is 
primarily  quadrupole  is  propounded  in  [59] .  Comparison  of  the  results  of 
experimental  and  theoretical  determination  of  the  electric  field  gradients 
with  the  aid  of  the  point  ion  model  suggests  that  there  is  substantial 
covalence  of  the  chemical  bonds  of  Li  in  these  compounds. 

Some  interesting  results  were  obtained  from  NMR  analysis  on  Na23 
nuclei  in  sodium  nitrate.  Anomalies  in  the  temperature  dependence  of 
quadrupole  separation  were  discovered  at  the  ferroelectric  Curie  point  near 
163°C  and  also  at  ?78°C,  corresponding  to  phase  transitions  [60-62].  Accord¬ 
ing  to  [62],  there  are  two  different  electric  field  gradients  in  the  range 
of  the  antiferroelectric  phase  (~1°C  above  the  ferroelectric  region).  This 
is  not  in  accord  with  the  model  of  the  sinusoidal  antiferroelectric  phase 
(see  Chapter  17) .  Analysis  of  the  orientation  and  temperature  dependences 
of  the  second  moment  of  the  central  component  of  the  spectrum  [63]  revealed 
a  plateau  in  the  temperature  dependence  at  165-1 80°C  with  the  magnetic 
field  oriented  parallel  to  the  a  axis,  which  is  possibly  related  to  the 
retention  of  a  certain  amount  of  ordering  at  these  temperatures  in  the 
paraelectric  region. 

The  NMR  on  Nb93  nuclei  in  potassium  niobate  was  analyzed  [64],  but 
since  the  basic  results  of  this  work  were  obtained  from  analysis  of  the 
quadrupole  separation  of  NMR  lines  and  from  investigation  of  the  quadrupole 
resonance,  this  work  is  discussed  below. 

A  report  appeared  recently  concerning  observation  of  the  NMR  spectra 
on  Mb’3  nuclei  in  lithium  niobate  [65].  The  quadrupole  bond  constant  at 
room  temperature  was  22.02  ±  0.04  MHz  and  the  assymetry  parameter  n  =  0. 

§3.  Nuclear  Quadrupole  Resonance 

Nuclear  quadrupole  resonance  (NQR)  may  occur  in  the  absence  of  a 
stationary  magnetic  field.  The  magnetic  vector  of  a  variable  field  inter¬ 
acts  with  the  magnetic  moment  of  the  nucleus,  which  is  "rigidly”  attached  to 


-  - 


the  electric  quadrupole  moment  of  the  nucleus.  The  electric  quadrupole 
moment  interacts,  in  turn,  with  the  internal  crystalline  field  gradient  of 
the  lattice.  There  are  also  transitions  between  the  energy  levels 
corresponding  to  this  latter  interaction  under  NQR  conditions. 

The  Hamiltonian  describing  the  interaction  of  the  electric  quadrupole 
moment  of  the  nucleus  with  the  field  gradient  at  the  location  of  the 
nucleus,  disregarding  terms  of  higher  ordw-r  according  to  [66,  67}  has  the 
form 


J 
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(14.11) 


where  Q  is  the  tensor  operator  describing  the  quadrupole  distribution  cf 
charge  in  the  nucleus,  VE  is  the  electric  field  gradient  ir.  the  position 
of  the  nucleus. 


The  tensor  components  of  the  quadrupole  charge  have  the  form: 
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where  e  is  electron  charge,  I  is  nucleus  spin  operator,  Q  is  the  scalar 
quadrupole  moment  of  the  nucleus.  Here  Q  is  found  from  the  relation: 


tQ*m  — 1)*# . 


where  is  charge  uensity  in  volume  dx^  in  the  nucleus  at  distance  r.  from 

the  center  and  6.,  is  the  angle  between  radius  r.  and  the  axis  of  nuclear 
spin  I .  ‘ 

The  tenser  components  of  the  internal  field  gradient  have  the  form: 
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where  H  is  the  crystalline  field  at  the  location  of  the  nucleus  due  to  the 
charges  surrounding  the  nucleus. 
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tor  the  principal  coordinate  axes  X,  Y,  Z  of  the  symmetric  field 
gradient  tensor,  assuming  the  Laplace  relation 
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to  be  valid,  where  V  is  the  crystalline  field  potential,  the  Hamiltonian 
of  quadrupole  interaction  will  have  the  form: 
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The  value  n  is  called  the  asymmetry  parameter.  For  the  case  of 
axial  symmetry  (ir=  0)  the  matrix  elements  have  the  fora: 


(14,15) 

where  ra  and  m*  are  the  magnetic  quantum  numbers  of  nuclear  spin  corresponding 

to  the  different  states,  6 _ .  are  Kronecker's  indices  (5  ,  =  0,  when 

can*  KBS’  ’ 

m  m*  and  5^,  =  1,  when  «  =  ra).  Then  the  energy  levels  of  quadrupole 

interaction  W  are  determined  by  the  expression: 

m 
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The  quadrupole  resonance  frequency  is  determined  by  the  difference 
between  the  energy  levels,  bet'.  een  which  there  is  a  transition,  hv  =  W  ,  - 

13 

-  W  .  The  sampling  rule  j&nj  =  1  is  valid  here.  When  n  f  j,  however, 

ra 

transitions  become  possible  between  states  with  s  differing  by  more  than 
one.  The  value  is  called  the  quadrupole  bond  constant. 

In  the  case  of  n  different  from  0,  the  quadrupole  interaction  energy 
levels  depend  on  n,  and  when  field  gradient  asyrasetry  is  great  they  are 
calculated  by  solving  graphically  the  scalaT  equations  for  the  energy  or 
by  tables  of  their  numerical  values  found  with  the  aid  of  computers. 

Knowledge  of  the  quadrupole  resonance  frequencies,  along  ^ith 
analysis  of  the  orientation  dependences  of  line  intensity  and  Zeemann 


separation  of  quadrupole  levels  with  a  weak  external  magnetic  field  makes 
it  possible  to  determine  the  electric  field  gradient  tensor  in  the  position 
of  the  nuclei  (magnitude  and  orientation  of  its  components)  and  asymmetry 
parameter  n« 

Due  to  deviation  in  the  distribution  of  charges  of  die  electron 
shell  of  the  lens  from  spherical  symmetry,  however,  the  field  gradient  in 
the  positions  of  the  nuclei  is  not  equal  to  the  field  gradient  due  to  all 
other  ions  of  the  crystal  lattice.  In  order  to  convert  from  the  field 
gradient  on  the  nucleus  to  the  "external"  gradient  q  the  following 
relation  is  often  used:  'x 

q  =  qexO  *  Yj,  (14.17) 

where  ya  is  the  so-called  Stemheimei's  antiscreening  factor  [68].  It 

reaches  "102  for  heavy  nuclei.  It  is  obvious  that  ym,  generally  speaking. 

is  not  constant  and  may  depend  on  the  character  of  chemical  bond,  distance 
between  ions,  etc. 

NMR  analysis  of  nuclei  with  quadrupole  moments  makes  it  possible  to 
determine  the  quadrupole  separation  of  NMR  lines,  from  which  the  asymmetry 
parameter  and  field  gradient  can  be  found  [.>6] .  Some  of  the  findings  of 
analysis  of  the  quadrupole  separation  of  NMR  were  given  in  the  preceding 
section. 

NQR  analyses  and  analysis  of  quadrupole  sc-parat '-or.  yield  information 
on  the  symmetry  of  the  crystal  structure,  presence  cf  nonequivalent  posi¬ 
tions  of  atoms,  their  mutual  distribution,  form  of  chemical  bond,  etc. 
Analysis  of  NQR  relaxation  times  makes  it  possible  to  judge  the  character 
of  internal  motion  in  crystals.  By  virtue  of  the  fact  that  NQR  frequencies 
are  determined  by  the  electric  field  gradient,  this  method  is  particularly 
sensitive  to  any  type  of  change  of  crystalline  fields  and  therefore  yields 
valuable  information  concerning  the  conditions  of  occurrence  of  the  ferro¬ 
electric  state  and  character  of  ferroelectric  phase  transitions.  The 
reader  is  referred  to  [66,  67,  69,  70]  concerning  general  questions  of  NQR. 

Very  little  woik  has  been  done  on  NQR  in  ferruolectrics.  The  chief 
reason  for  this  is  difficulty  in  growing  large  crystals  of  quality  good 
enough  to  ensure  NQR  signals.  Quadrupole  separation  of  NMR  and  NQR  in 
KNbOj  on  Mb’3  nuclei  was  studied  in  [64] .  The  temperature  dependence  of 

the  NQR  spectrum  in  potassium  niobate  was  analyzed  in  detail  in  [71].  The 
quadrupole  bend  constant  at  '406C  (rhombic  phase)  was  e2qQ/h  =  23.1  MHz, 
the  asymmetry  parameter  n  =  0.806.  In  the  rhombic  phase  the  asymmetry 
parameter  q  *  0  and  the  quadrupole  bond  constant  e2qQ/h  =  16  MHz,  The 
principal  axis  of  the  electric  field  gradient  in  the  rhombic  phase  was  not 
accurately  determined.  It  was  shown  only  that  it  is  oriented  at  an  angle 
about  20°  to.  the  polar  ax»s  of  the  crystal.  One  interesting  result  of 
the  work  was  the  conclusion  that  the  phase  transitions  between  the  cubic. 


tetragonal,  rhombic  and  rhombohedral  phases  are  first  order  phase  transitions, 
but  the  different  regions  of  the  crystal  display  phase  transitions  at  several 
different  temperatures,  and  here  the  higher  the  transition  temperature  the 
narrower  the  range  of  the  transition. 

The  temperature  dependence  of  the  quadrupole  bond  constant  of  KNbO, 
in  different  phases  is  shown  according  to  [71]  in  Figure  14.5.  5 

The  temperature  dependence  of  NQR  frequencies,  as  we  know,  is  related 
to  moderation  of  the  electric  field  gradient  as  a  result  of  thermal  motion 
(as  occurs,  for  instance,  in  deuterated  potassium  dihydrophosphate  and 
triglycine  sulfate,  as  mentioned  above),  and  also  to  strictly  the  temperature 
dependence  of  the  electric  field  gradient  due  to  change  in  the  distances 
between  atoms  as  th<-  temperature  is  changed.  These  contributions  can  be 
distinguished  by  measuring  the  dependence  of  the  gradient  determined  from 
NQR  frequencies  not  only  on  temperature,  but  also  on  pressure.  Evaluation 
of  the  various  possible  contributions  to  the  temperature  dependence  of 
frequencies  for  KSbO^  [71]  showed  that  the  temperature  dependence  can  be 

disregarded  due  to  moderation  of  the  gradient  and  the  observed  temperature 
dependence  is  related  chiefly  to  the  "true”  change  of  the  gradient. 


Figure  14. S.  Temperature  dependence  of  quadrupole  bond 
constant  of  KNb03  in  three  phases  (according  to  Hewitt 

[71]).  a  —  rhombohedral;  b  —  rhombic;  c  —  tetragonal. 

Comparison  of  the  computed  electric  field  gradient  for  various 
temperatures  in  the  tetragonal  phase  using  the  point  ion  lattice  model  and 
experimental  value  showed  that  the  temperature  dependence  of  NQR  frequencies 
is  explained  satisfactorily  when  the  temperature  dependence  of  the  lattice 
parameters  and  ion  displacements  is  taken  into  account. 

Satisfactory  agreement  between  the  theoretical  and  experimental 
data  may  mean  that  the  ion  mode}  is  valid  for  KNbO-,  although  the  roughness 
of  this  type  of  calculation  should  he  borne  in  mine. 
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The  temperature  dependence  of  the  NQR  spectrum  on  As75  nuclei  in 
crystals  of  the  KH^AsO^  group  were  analyzed  in  [72,  73}.  A  sharp  increase 

of  frequencies  was  noted  during  phase  transition  to  the  spontaneous-polarized 
state.  One  of  the  reasons  for  this  may  be  localization  of  protons  in  one 
of  the  potential  minima  near  the  "top"  or  "bottom"  oxygen,  leading  to  3n 
increase  in  the  measured  field  gradient  on  As7s  nuclei.  There  is  such  a 
great  expansion  of  the  lines  in  the  region  of  the  transition  that  resonance 
could  not  be  detected.  In  CsHjAsCL  crystals,  furthermore,  the  signal 

vanished  at  temperatures  somewhat  lower  than  the  Curie  point,  possibly 
because  the  temperatures  of  the  frequencies  of  proton  tia  isfer  and  investi¬ 
gated  quadrupole  resonance  coincide  in  this  region.  The  temperature 
dependence  of  NQR  frequencies  in  the  paraelectric  phase  favors  the  rotation 
of  the  AsO^  groups  in  this  phase. 


Figure  14.6.  Temperature  dependence  of  quadrupole 
bond  constants  of  Sb121  and  Sb123,  asymmetry  para¬ 
meter  n  snd  P2  in  antimony  sulfiodide  (according 

to  Popov,  ex  al  [76]). 

NQR  signals  were  recently  discovered  with  the  aid  of  a  pulsed 
spectrometer  [74]  ar.d  their  temperature  dependence  was  examined  in  antimony 
sulfiodide  and  sulfbromide  [75,  76].  The  temperature  dependence  of  the 
quadrupole  bond  constants  of  Sb123  and  SbI2J  nuclei  and  asymmetry  parameter 
n  in  antimony  sulfiodide  SbSI  according  to  [76]  is  illustrated  in  Figure  14.6. 
The  ferroelectrics  of  this  group  are  characterized  by  a  phase  transition  of 
the  displacement  type.  The  electric  field  gradient  in  the  vicinity  of  the 
Curie  point  of  antimony  sulfiodide  changes  as  the  square  of  spontaneous 
polarization,  analogous  to  the  results  obtained  for  barium  titanate  by  F.PR 
methods  [8]  and  Messbauer's  results  (see  below).  In  addition  to  anomalies 
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of  the  field  gradient  and  asymmetry  parameter  at  the  Curie  point,  slight 
anomalies  were  detected,  corresponding  to  low-temperature  phase  transitions. 

§4.  Messbauer's  Method  ot  Analyzing  Ferroelectrics 

Analysis  of  tlis  gamma-ray  resonance  absorption  spectrum  (Messbauer 
effect)  can  yield  interesting  information  concerning  crystal  lattice 
dynimics,  electric  field  gradients,  character  of  chemical  bond.  etc. 

The  essence  of  the  Messbauer  effect,  as  we  know,  consists  in  the 
following.  The  nucleus  of  some  element  emits  y-quantun  with  the  energy 
hv.  Other  nuclei  of  this  element,  located  in  a  lower  energy  state,  may 
absorb  this  quantum.  Part  of  the  energy  of  the  quantum,  however,  both 
during  emission  and  during  absorption,  may  be  consumed  in  the  recoil  of 
the  emitting  and  absorbing  nuclei.  In  view  of  the  fact  that  atoms  are 
firmly  bonded  in  a  solid,  the  entire  lattice  as  a  whole,  and  not  individual 
nuclei,  experiences  recoil  during  the  emission  and  absorption  of  a  y-quantum. 
Because  of  the  great  mass  of  the  lattice  its  recoil  energy  is  infinitesimal 
and  energy  losses  during  the  emission  and  absorption  of  y-quanta  are  so 
small  that  they  can  be  made  up  by  the  relative  head-on  mechanical  motion 
of  the  source  of  y-quanta  and  absorber.  Then,  due  to  the  Doppler  effect, 
the  frequency  of  the  y-quanta  will  change  and  the  resonance  conditions  can 
be  satisfied  through  a  change  of  relative  velocity. 

The  probability  of  energy  loss  by  nuclei  to  recoil  increases  as  a 
result  of  vibrations  of  the  lattice,  since  phonons  can  be  excited  in  the 
lattice  during  emission  and  absorption  of  y-quanta. 

The  probability  of  the  Messbauer  effect  occurring  at  the  ferro¬ 
electric  Curie  point,  as  theoretically  predicted  [77],  should  diminish  due 
to  the  excitation  of  low-energy  phonons  corresponding  to  the  soft  "ferro- 
active"  mode  of  vibrations.  This  was  verified  experimentally  [78-83], 

The  temperature  dependence  of  the  Messbauer  effect  wrs  investigated 
[78-SI]  in  solid  solutions  of  Ba(Tij  x^nx)0_  enriched  with  Sn119  isotopes. 

It  was  shown  that  the  probability  of  the  Messbauer  effect  actually  passes 
through  a  minimum  at  the  Curie  point.  It  was  also  shown  that  in  solid 
solutions  with  a  rather  high  concentration  of  BaSnO^  the  minimum  of  the 

Messbauer  effect  lies  at  a  lower  temperature  than  maximum  permittivity. 

This  was  explained  in  [;8-80]  on  the  basis  of  the  theory  that  as  a  result 
of  erosion  of  the  phase  transition  at  these  solid  solution  ^jjeentrations 
the  Curie  temperatures  of  the  micrcregions  enriched  with  Sn  are  lower 
t*  the  mean  Curie  temperature  of  the  solid  solution. 


w.. 


Inirauffi  probaoility  of  the  Messbauer  effect  ar  the  Curie  point 
,  :rved  on  Fe57  nuclei  in  BaTiO^  [82]  and  in  PbFej^Nh^^  [83]. 

Thus,  investigations  of  the  Messbauer  effect  also  speak  ir  behalf  of 

the  validity  of  the  concepts  of  the  dynamic  theory  of  ferroelectricity. 

It  should  be  pointed  out,  however,  that  no  changes  in  the  line  width  of 
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SnU9  in  solid  solutions  of  Ba(Ti,  Sn)03  were  detected  in  [34]  during  transi¬ 
tion  through  the  Curie  point. 

A  study  of  the  Messbauer  effect  on  Sn!19  and  Fe57  nuclei  in  BiFeO^ 

and  its  solid  solutions  with  SrfSn^jMr^^jOj,  combining  electric  and 

magnetic  ordering,  was  reported  in  (84,  85]  (see  Chapter  18).  The  effective 
magnetic  field  on  iron  nuclei  which,  extrapolated  to  0°K,  was  approximately 
SSO  ke,  was  estimated  from  the  temperature  dependence  of  Zeemann  separation 
in  the  antiferromagnetic  region.  The  appearance  of  an  effective  magnetic 
field  on  Sn115  n.clei  below  the  Neel  point,  explained  by  the  exchange 

reaction  Sn4+-0^'-Fe^+,  was  also  noted  in  these  investigations.  The  presence 
of  a  quadrupole  moment  in  the  Fe57  nucleus  makes  it  possible  to  estimate 
the  gradient  of  the  electric  field  acting  on  this  nucleus.  The  magnitude 
of  the  field  gradient  in  BiFeO^  [84,  85],  PbFe^^i^^S  [85] ,  and  BaTiO^ 

[82 J ,  was  investigated  and  it  agreed  satisfactorily  with  the  theoretical 
value  obtained  on  the  basis  of  the  model  of  point  charges  and  point  dipoles. 

The  temperature  dependences  of  quadrupole  separation  AH  and  square 
spontaneous  polarization  in  BaTiO.  are  shown  in  Figure  14.7  [82],  The 

satisfactory  coincidence  of  these  dependences  indicates  that  in  the 
tetragonal  phase  of  barium  titanate  the  gradient  of  th-  electric  field 
acting  on  the  Fe57  nucleus  (to  which  quadrupole  separation  is  directly 
proportional)  is  proportional  to  the  square  spontaneous  polarization.  The 
value  estimated  from  the  model  of  point  charges  and  point  dipoles  with 
consideration  of  displacement  of  ions  in  the  assumption  that  the  effective 
charge  is  60%  of  the  ion  charge,  agreed  satisfactorily  with  the  experi¬ 
mental  value. 


i~  The  proportionality  of  the 

«««•  field  gradient,  and  consequently  of 

■j|  "t*  coefficient  in  the  axial  potential 

^at0'  '  0.20  ^  of  the  crystalline  field  (equation 

‘q  ,  (14.7))  to  the  square  of  spontaneous 

V  polarization  should  be  compared  with 

xi  *  to  '  tooTsc  the  results  of  analysis  of  the  EPR 

in  BaTiO„  [8].  It  was  found  in 

Figure  14.7.  Temperature  change  of  these  3tudies  th3t  the  axial  field 

quadrupole  separation  AE  and  square  paraaetef  in  spin  Hamiltonian  D  or 

of  spontaneous  polarization  m  r  r  2 

barium  titanate  (according  to  Bhide  b..  Q  changes  as  Pg  or  is  linear  in 

and  Multani  f82j).  relation  to  tetragonal  distortion  of 

the  lattice  ( v ^  will  recall  that 
distortion  of  the  lattice  of  perovskites  in  the  ferroelectric  phase  is  a 
result  of  electrostriction  and  is  porportional  to  the  square  of  spontaneous 
polarization).  Thus,  investigations  of  the  Messbauer  effect  confirm  rhat 
the  axial  field  parameter  in  spin  Hamiltonian  D  or  q  is  related 


20  U  t00  T.’C 

Figure  14.7.  Temperature  change  of 
quadrupole  separation  AE  and  square 
of  spontaneous  polarization  in 
barium  titanate  (according  to  Bhide 
and  Multani  (82j). 
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linearly  to  axial  potential  V  ,  (cf.  (14.8))  and  with  the  field  gradient. 

cl 

Moreover,  the  temperature  dependence  of  isomeric  disc lac ament 
(determined  according  to  tne  position  of  the  doublet  center)  wai  measured 
£82 j  and  a  jump  was  found  in  isomeric  displacement  at  the  Curie  point, 
which  is  ascribed  to  the  change  in  the  degree  of  covalence  of  the  chemical 
bond  with  the  onset  of  spontaneous  polarization. 

Investigation  of  the  Messbauer  effect  on  barium  titanate  crystals 
treated  by  different  methods  £82 ,  86]  showed  a  change  in  the  surrounding 
of  Fe57  impurity  in  the  barium  titanate  lattice,  depending  on  the  heat 
treatment  of  the  crystal. 

Investigations  of  the  Messbauer  effect  in  boracites  [87]  revealed  a 
new  phase  transition  between  the  rhombic  and  trigonal  phases.  At  the  Curie 
point  corresponding  to  the  phase  transition  from  the  cubic  to  the  rhombic 
phase,  an  abrupt  increase  was  noted  in  the  area  of  the  resonance  curve. 

A  brief  report  appeared  in  [88]  concerning  investigation  of  the  Messbauer 
effect  in  potassium  ferrocyanide. 

Investigations  of  the  Messbauer  effect  in  ferroelectrics  have  only 
begun.  The  data  obtained  already  suggest  the  effectiveness  of  this 
method  in  application  to  ^erroelectri's.  Certain  questions,  however, 
till  require  further  investigation.  In  particular,  further  investigation 
of  the  probability  of  the  effect  in  the  region  of  the  Curie  point  of 
different  types  of  ferroelectrics  and  more  vigorous  theoretical  interpre¬ 
tation  of  the  results  are  very  important. 
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CHAPTEk  IS.  EXPERIMENTAL  INVESTIGATIONS  OH  LATTICE  VIBRATIONS  OF  FERROELECTRICS 
NEAR  CURIE  TEMPERATURE 

As  follows  from  the  dynamic  theory  of  ferroelectricity  [1-6]  (see 
Chapter  S),  a  limiting  dipole  transverse  optical  vibration  with  wave  vector 
k,  f.pproaching  zero,  should  be  seen  in  the  vibration  spectrum  of  ferro¬ 
electric  crystals.  The  frequency  of  this  mode  diminishes  substantially 
near  the  Curie  point,  and  it  is  characterized  by  greac  anharmonicity. 

The  reduction  of  frequency  is  explained  within  the  framework  of  these 
concepts  by  the  fact  that  short-acting  rotational  forces  of  this  mode  are 
compensated  in  harmonic  approximation  near  the  Curie  point  by  farther- 
reaching  electrostatic  forces.  The  frequenc>  of  the  ferroactive  mode  in 
the  range  of  small  k  does  not  vanish,  but  remains  positive  due  to  the 
contribution  of  an  anharmonic  action,  the  magnitude  of  which  depends 
strongly  on  temperature.  And  this  explains  the  strong  temperature  dependence 
of  frequency  for  small  k  [7]. 

We  will  examine  existing  experimental  results  of  the  anal /sis  of 
optical  spectra,  inelastic  scattering  neutrons  and  thermal  diffusion  of 
x-rays  and  electrons,  in  which  are  obtained  data  conceding  these  "ferro¬ 
active"  low-frequency  lattice  vibrations.  Here  we  will  more  or  less  ignore 
the  investigations  of  other  regions  of  the  spectra.  In  particular,  we  will 
not  discuss  the  vibrations  of  protons  in  the  hydrogen  bond.  Certain  infor¬ 
mation  concerning  the  vibrations  of  proton"  in  hydrogen-containing  ferro- 
electrics  is  found  in  Chapter  14.  a  more  thorough  review  of  a  number  of 
studies  of  the  lattice  dynamics  of  ferroelectrics  is  given  in  [8,  9). 

51.  Infrared  Spectra 

No  anomalies  in  the  region  of  the  ferroelectric  phase  transition  were 
noted  in  the  first  analyses  of  the  infrared  spectra  of  perovskite  type 
ferroelectrics,  conducted  with  the  aid  of  measurements  of  transmission 
spectra  in  the  300-1,000  cm_i  range  [10,  11],  The  reason  for  this  is  that 
the  "ferroactive"  mode  of  vibrations  is  characterized  by  an  extremely  low 
frequency  of  -1011  Hz  near  the  Curie  pcint;  lies  in  the  far  infrared  region 
and  its  detection  involves  great  experimental  difficulties.  Moreover,  due 
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to  strong  absorption  in  this  frequency  range,  even  the  finest  specimens  that 
can  be  made  are  opaque.  Therefore  it  was  necessary  to  resort  to  the  reflec¬ 
tion  method,  whereby  it  was  possible  to  detect  the  "ferroactive"  mode  in  a 
number  of  ferroelectrics  and  to  analyze  the  temperature  dependence  of  its 
frequency  [12-17].  In  the  reflection  method  the  dependence  of  the  coeffi¬ 
cient  of  reflection  cn  frequency  is  measured  and  then  the  frequency 
dependence  of  the  phase  angle  of  the  reflected  coefficient  is  determined 
with  the  aid  of  the  Kramers-Kroenig  relation,  after  which  the  real  and 
imaginary  parts  of  permittivity  e'(tD)  and  £"(u))  (or  refraction  coefficient) 
are  computed. 

By  way  of  example  we  will  examine  in  greater  detail  crystals  with 
the  perovskite  structure.  According  to  the  dynamic  theory  of  the  crystal 
lattice,  the  total  number  of  normal  vibrations  is  3n  (where  n  is  the  number 
of  atoms  in  the  elemental  nucleus).  In  crystals  with  the  AB03  structure 

this  number  is  15,  of  which  12  are  optical  vibrations1.  Considering, 
however,  symmetry  for  the  wave  vector  k  =  0  in  the  infrared  spectrum  of 
cubic  crystals  with  the  perovskite  structure,  only  three  normal  vibrations 
of  the  type  Fju(xyz)  should  be  observed.  On  conversion  to  the  tetragonal 

phase  these  three  bands  should  expand  into  doublets  and,  moreover,  yet 
another  band  should  appear,  corresponding  to  one  of  the  separation 
components  of  vibration  of  the  type  F2u(xyz).  In  the  rhombic  phase  there 

should  be  12  absorption  bands.  Considering  the  direction  of  k,  the  vibra¬ 
tions  are  separated  into  n  longitudinal  and  2n  transverse  vibrations,  the 
frequencies  of  which  differ.  Therefore  there  should  be  extra  lines  in  the 
combination  scatter  spectra,  corresponding  to  longitudinal  vibrations. 

The  infrared  spectra  of  ferroelectrics  of  the  perovskite  type  were 
analyzed  [10-21].  The  reflection  spectra  of  monocrystals  and  polycrystal¬ 
line  specimens  of  BaTiOj,  SrTiO^  and  certain  other  compounds  were  analyzed 

[13,  IS,  18]  on  the  basis  of  the  Kramers-Kroenig  relatic  .s  and  dispersion 
theory,  and  satisfactory  agreement  was  obtained  between  the  theoretical 
and  experimental  results.  The  anomalous  temperature  dependence  of  the 
lowest  frequency  vibration  was  first  discovered  during  analysis  of  tht- 
reflection  spectra  of  SrTiO^  [121.  At  room  temperature  it  lies  in  the 

100  cm"1  region,  and  at  93°K  in  the  50  cm"1  region.  Tnis  vibration  is  a 
ferroactive  mode,  predicted  by  theory,  and  the  two-fold  reduction  of 
temperature  corresponds  to  a  four-fold  increase  in  permittivity,  so  that 

l/o 

the  relation  =  A(T  -  6)  is  satisfied. 

BaTiO,  at  a  low  temperature  in  the  paraolectric  phase  also  displays 

a  change  of  frequency  of  ferroactive  vibration,  satisfying  this  relation, 
and  there  is  an  increase  in  the  force  of  the  oscillator  and  degree  of 


'This  analysis  does  not  take  into  account  the  separation  of  dipole  frequen¬ 
cies  by  the  macroscopic  field.  See  Chapter  6  for  more  thorough  analysis. 


anharmonicity  [15,  16].  The  frequency  dependence  of  e'  and  e"  of  BaTAO^ 

monocrystals  is  illustrated  in  figure  D.1I  for  various  temperatures  [16], 
However,  quantitative  estimates  of  depend  ou  the  assumptions  made  in 

the  calculation  and  differ  about  three-fold  in  [13,  16,  17],  We  will  note 
that  from  analyses  of  infrared  spectra  of  barium  titanate  [13,  16,  17]  it 
follows  that  the  ferroactive  mode  is  damped  due  to  great  attenuation. 

The  temperature  dependence  of  the  frequency  of  the  ferroactive  mode 
in  KTaOj  was  recently  measured  [21]  by  means  of  determining  the  total  con¬ 
ductivity  from  infrared  reflection  spectra.  Its  frequency  change!  from 
106  cm-1  at  463°K  to  26  cm"1  tt  12°K.  The  temperature  dependence  of  the 
square  frequency  of  this  transi^rse  optic  mode  and  1/e  were  found  to  be  in 
satisfactory  quantitative  agreement. 

The  estimate  for  BaTiO^  showed  that  ferroactive  vibration  governs 

more  than  9C%  of  the  entire  polarization  of  the  crystal  and  the  biggest 
contribution  to  overall  polarization  comes  from  the  electron  polarization 
of  ions.  Thus,  ferroactive  vibration  in  crystals  of  the  perovskite  type 
is  of  complex  electron-ion  character.  Theories  on  the  dependence  of  zonal 
electron  structure  of  crystals  on  the  displacements  of  atoms  are  now 
developed  [22,  23].  In  titanates  with  the  perovskite  structure  the  size 
of  the  slot  between  the  2p-zone  of  oxygen  ions  and  3d-zone  of  titanium  ions 
for  the  most  part  should  depend  on  the  displacements  of  ions,  and  vibrations 
of  ions  change  the  overlapping  cf  p-orbits  of  oxygen  with  the  3d-orbits  of 
titanium,  which  is  adiabatically  adjusted  to  the  vibration  of  the  lattice. 

In  accordance  with  theoretical  concepts  of  the  nature  of  antiferroeiectricit> 
a  low-frequency  vibration,  governing  about  90*  of  all  polarization,  was  also 
discovered  during  analysis  of  the  infrared  spectrum  of  the  antiferroelectric 
PbZrOj.  Until  recently,  however,  the  temperature  dependence  of  the  vibra¬ 
tion  spectra  of  antiferroelectrics  was  not  analyzed,  even  though  such 
analyses  are  unquestionably  of  great  importance. 

Several  works  pertain  to  analyses  of  the  infrared  spectra  of  ferro- 
electrics  with  hydrogen  bonds,  in  particular  KH^PO^  and  triglycine  sulfate 

[25-27],  The  reflection  spectra  of  KHjPO^  [25],  like  the  transmission 

spectra  in  the  10-100  cm"1  range,  show  an  eroded  band,  shifting  as  the 
temperature  drops  toward  the  Curie  point  in  the  direction  of  lower 
frequencies.  This  iow-frequency  vibration  is  apparently  related  to  tne 
ferroelectric  properties  of  KH,P0. .  Triglycine  sulfate  [25]  does  not. 

display  this  low-frequency  vibration. 

Analyses  of  the  infrared  spectra  of  ferroelectrics  with  the  order- 
disorder  phase  transition  yield  information  concerning  the  character  of 
motion  of  polar  groups.  It  was  concluded  [28],  in  particular,  that  the 
N'0~  anion  in  sodium  nitrate  revolves  around  the  a  axis,  but  has  extreme 

difficulty  in  rotating  around  the  c  axis. 


§2.  Combination  Scatter  Spectra 


In  the  combination  scatter  spectra  of  crystals  with  the  perovsKite 
structure  the  first  order  spectrum  is  forbidden  in  the  cubic  phase  by  the 
rules  of  selection.  Analyses  of  the  combination  scattering  in  ferroelec- 
tries  are  very  difficult  due  to  the  proximity  of  the  lines  of  ferroactive 
vibrations  to  tho  exciting  line  and  their  blurring,  which  conforms  with  the 
theoretical  predictions  [29-31].  Analyses  of  combination  scattering  of 
barium  titanate  were  carried  out  in  [32-37] .  BaTiO^  monocrystals  were 

analyzed  [34]  in  the  4-475°K  temperature  range.  The  appearance  of  several 
lines,  depending  on  temperature  in  the  vicinities  of  the  phase  transition, 
is  noted,  related,  perhaps,  to  the  inctease  of  domains. 

It  can  be  assumed  that  certain  lines  found  in  early  works  on  combi¬ 
nation  scattering  can  also  be  attributed  to  the  presence  of  domains.  One 
of  the  vibrations  that  strongly  depends  on  temperature  is  interpreted  in 
[34]  as  a  longitudinal  mode. 

A  ferroactive  mode  was  recently  observed  in  barium  titanate  crystals 
by  means  of  Raman  scattering,  in  the  form  of  a  broad  nonresonance  band  [35, 
36].  Careful  analyses  [36]  were  done  rather  good  single-domain  crystals. 

The  attenuation  and  frequency  of  this  mode,  corresponding  to  low  attenuation 
[36]  were  calculated  and  found  to  be  in  good  agreement  with  the  results  of 
infrared  spectral  analyses  [17] . 

Presented  below  are  frequency  (4_q  and  attenuation  F  of  the  ferro¬ 
active  mode  in  barium  titanate  at  difference  temperatures  [36] : 
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These  results,  along  with  the  results  of  infrared  spectral  analyses, 
show  that  the  ferroactive  mode  is  damped  in  barium  titanate  [13,  16,  J7]. 
However,  the  question  of  its  attenuation  is  not  conclusively  settled.  Ira 
[37]  there  is  considerably  less  attenuation  of  this  mode  and  no  damping  at 
all.  The  analogous  conclusion  concerning  the  relatively  slight  attenuation 
in  the  paraelectric  phase  was  made  on  the  basis  of  neutron  radiography  (see 
below)  ..  There  is  great  divergence  between  the  frequencies  found  in  various 
works  for  tnis  mode  (about  three-fold  in  [36]  and  [37]). 

Investigations  of  combination  scattering  in  the  presence  of  an 
electric  field  were  undertaken  recently.  The  application  of  an  electric 
field  to  perovskite  crystals  in  the  cubic  phare  leads  to  the  disappearance 
of  the  center  of  symmetry  and  consequently  makes  it  possible  to  observe 
the  first  order  spectrum.  The  combination  scattering  in  Sr'fiOj  and  KTaO_ 

crystals  in  the  paraelectric  phase  was  investigated  in  [33]  as  a  function 
of  field  strength.  The  temperature  dependence  of  the  frequency  of  the 
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ferroactive  mode  of  KlaO^  in  different  fields  is  illustrated  in  Figure  15.1. 

Strengthening  of  the  electric  field  loads  to  an  increase  in  the  frequency  of 
the  ferroactive  mode,  which  is  related  to  the  nonlinearity  of  permittivity, 
reduction  of  e  in  the  presence  of  a  field  agrees  with  the  observed  increase 
in  the  frequency  of  the  ferroactive  mode. 

Analysis  of  the  combination 
scatter  spectra  of  KH2PQ4  and 

crystals  [39]  revealed  a 

line  in  the  34  cm-1  region  at  room 
temperature,  shifted  toward  the 
exciting  line  by  approximately  2  cm-1 
near  the  Curie  point.  Analyses  of 
the  combination  spectrum  of  KH2PO^ 

at  various  temperatures  are  described 
in  [40] .  A  frequency  shift .  narrowing 
and  separation  of  lines  were  noted  on 
transition  through  the  Curie  point. 

A  wide  band  of  the  continuous  spec¬ 
trum  was  observed  near  120  cm"1. 

When  the  crystal  cools,  the  band 
narrows  and  its  intensity  decreases, 
and  at  100°K  the  band  disappear.*. 

The  authors  consider  [40]  that  the 
great  width  of  the  band  is  related 
to  strong  anharmonism  and  u»orde?ing  of  the  lattice  in  the  paraelectric 
phase.  The  bands  corresponding  to  frequencies  155  and  188  cm  1  are  shifted 
near  the  Curie  point  19  and  11  cm-1,  respectively,  toward  the  low-frequency 
region.  An  attempt  is  made  in  Chapter  6  to  interpret  the  vibration  spectrum 
of  KHjTOj  in  the  low-frequency  range  [41]. 

The  results  of  combination  spectral  analyses  [42-44]  and  infrared 
spectral  analyses  [28j  of  NaN02  indicate  that  inversion  of  N02  anions  into 

the  mirror  configuration  on  transition  to  the  disordered  state  is  improbable, 
and  also  are  evidence  for  their  rotation  around  the  a  axis.  Actually, 
rotation  of  the  N02  ion  around  the  a  axis  should  lead  to  substantial  change 

in  line  component  intensity  corresponding  to  perfectly  symmetric  vibration 
of  the  anion  with  field  vector  E  1 1  b  and  E  ||  c.  Reduction  of  the 
intensity  of  the  component  with  E  | {  c  and  increase  of  intensity  with 
E  |!  b  were  actually  observed  experimentally  [43]. 

Also  observed  in  [42-44]  were  an  anomalous  reduction  of  frequency 
and  increase  in  the  half-width  of  one  of  the  lines  in  the  region  of  the 
Curie  point  (Figure  15.2).  This  line  lies  in  the  vicinity  of  153  cm  1  and 
corresponds  to  orientation  vibration  of  the  NO^  anion  around  the  a  axis. 

Orientation  vibration  of  anions  around  the  a  axis  is  presumably  ferroactive 
vibration.  The  amount  of  ’•eduction  of  the  frequency  of  this  vibration, 
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Figure  15.1.  Temperature  dependence 
of  frequency  of  parallel  component 
of  ferroactive  mode  at  different 
electric  field  strengths  (field  in 
direction  [001])  in  KTaO.  crystals 

(according  to  Fleury  and  Worlock 
[38]).  Electric  field:  1  —  i,G00- 
V/cm;  2  —  5,000  V/cm;  3  --  10,000 
V/cm;  4  —  15,000  V/cm. 
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however,  is  not  enough  to  explain  the  high  value  of  e  near  the  Curie  point. 
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Figure  15.2.  Temperature  dependence  (Chisler  and  Shur 
).  a  --  frequencies  of  combination  scatter  spec¬ 
trum  of  NaN02  in  low-frequency  range  (o^  is  orienta¬ 
tion  vibration  of  NO^  around  "b"  axis,  ed2  is  orienta¬ 
tion  vibration  of  NO.,  around  "a"  axis,  is  orienta¬ 
tion  vibration  of  N0~  around  "c"  axis):  b  --  half¬ 
widths  of  bands  to.,  - 

Ferroactive  modes  of  vibrations  in  the  investigated  crystals  were  not 
observed  in  analyses  of  the  combination  spectra  of  NH^SO^,  NH^HSO^,  RbHSO^, 

TGS  and  NaNO.  [45-48] . 

§3.  Inelastic  Scattering  of  Slow  Neutrons 

Extremely  interesting  results  concerning  the  investigation  of  crystal 
lattice  dynamics  are  obtained  with  the  aid  of  inelastic  scattering  of  slow 
neutrons.  The  chrnge  of  neutron  energy  in  inelastic  scattering  yields 
information  concerning  the  vibration  spectrum  of  a  diffusing  crystal,  where 
the  neutrons  are  ’’active"  in  relation  to  all  vibrations  with  any  k,  both 
optic  and  acoustic. 

During  coherent  scattering  of  neutrons  on  monocrystals  ip  each  given 
direction  and  with  given  wave  vector  f:,  a  discrete  spectrum  is  obtained  on 
the  background  of  the  continuous  spectrum  from  incoherent  and- multiphonon 
scattering.  Dispersion  curves  w(k)  can  be  plotted  from  these  data  when  the 
spectra  are  recorded  under  various  conditions. 

During  incoherent  scattering  of  neutrons  by  polvcrystals  a  continuous 
spectrum  is  obtained,  from  which  the  actual  frequency  distribution  function 
G(;o)  can  be  obtained. 

The  ’’flat"  segments  of  the  optic  and  acoustic  branches,  where  many 
vibrations  with  various  k  fall  into  a  rather  narrow  frequency  range,  contri¬ 
bute  substantially  to  scattering.  Therefore  the  contribution  to  the  spectrum 
by  the  low- frequency  optical  branch  will  be  distributed  through  a  rather 
wide  frequency  interval  and  its  separation  poses  substantial  difficulties. 


Thus,  the  most  valuable  information  concerning  ferroactive  vibrations  is 
acquired  by  analyzing  monocrystals  (see  (49,  50]  concerning  the  interaction 
of  slow  neutrons  with  a  substance  and  experimental  procedures) . 

Inelastic  scattering  of  neutrons  on  polycrystalline  specimens  of 
BaTiOj  [51,  52]  and  also  PbTiOj  and  SrTiO^  [52],  does  not  display  substantial 

anomalies  on  transition  through  the  Curie  point.  Hie  peaks  in  the  frequency 
region  below  100  cm  1  are  apparently  related  to  acoustic  vibrations  of  the 
lattice. 


Cowley  [53] ,  with  the  aid  of 
inelastic  coherent  scattering  of 
neutrons,  'alyzed  monocrystals  and 
plotted  the  dispersion  curves  for 
certain  norma)  vibrations  in  SrTiOj, 

propagating  in  direction  [001].  He 
found  a  peak  of  inelastic  scattering 
of  neutrons  in  this  crystal,  related 
to  low-frequency  coherent  optic 
vibration  for  k  -*•  0.  The  temperature 
dependences  of  the  square  of  the 
frequency  of  this  mode  and  1/e  are 
illustrated  in  Figure  15.3  (e  is 
taken  from  [54,  S3]). 

As  seen  in  Figure  15.3,  the 
square  of  the  frequency  of  the  ferro¬ 
active  mode  is  a  linear  function  of 
temperature  io^0  =  K(T  -  0),  which  verifies  the  validity  of  Cochran's  assump¬ 
tion  [6],  An  interesting  hypothesis  was  also  propounded  concerning  the 
nature  of  the  phase  transition  in  SrTiCL  at  110°K,  which  in  Cowley's  opinion 

[53]  is  a  result  of  random  degeneration  of  the  ferroactive  branch  of  the 
transverse  optic  vibrations  and  longitudinal  acoustic  branch.  Such 
degeneration  should  lead  to  an  anomalous  temperature  dependence  of  elastic 
constants  and  velocity  of  ultrasound,  as  observed  experimentally  [56]. 

The  soft  optic  mode  was  analyzed  [57]  with  the  aid  of  the  inelastic 
scattering  of  neutrons  in  KTaO^  monocrystal.  The  soft  optic  mode  was  also 

recently  detected  with  the  aid  of  inelastic  scattering  of  neutrons  in 
BaTiOj  monocrystal  in  the  paraelectric  phase  [58] .  The  soft  transverse 

optic  mode  in  BrTiO-  has  a  lower  frequency  than  even  the  transverse  acoustic 

rode,  aside  from  the  region  of  small  k  [58],  Identification  of  the  modes 
in  the  region  of  "intersection"  of  the  acoustic  and  optic  branches  is 
apparently  inconclusive.  The  energy  of  the  soft  mode  decreases  as  the 
temperature  drops  from  1.4  MeV  at  430°C  to  0.8  MeV1  at  230°C,  and  here  the 
relation  =  A*104/r  =  B(T  -  9)  is  valid. 

U  MeV  is  equal  to  8.07  cm’1 


Figure  15.3.  Temperature  dependences 
of  square  of  the  frequency  of  soft 
transverse  optic  mode  and  1/e 
(dot-dash  curve)  in  strontium 
titanate  (Cowley  [53]). 


In  BaTi03  A  -  0.11  MeV2,  whereas  in  SrTiOj  A  -  3.7  MeV2  [12,  53)  and 
in  KTaO,  A  -  2.8  MeV2  [21,  57). 

V* 

Analysis  of  inelastic  incoherent  scattering  of  neutrons  was  done  or. 
polycryst.il line  specimens  of  a  number  of  hydrogen-  and  deuterium-containing 
ferroelectrics.  The  results  the  investigation  of  KH^PO^  and  KD9P0^  are 

discussed  in  [59-61];  (NH^SC^,  NH4HS04>  (NK4)2BeF4  and  K4Fe(CN)6*5H20  are 

discussed  in  [62],  However,  no  notable  changes  that  could  be  related  to 
ferroactive  low-frequency  modes,  were  observed  in  the  neutron  spectra  at 
the  Curie  point.  This  is  a  result  primarily  of  the  structural  complexity 
of  these  ferroelectrics  and  of  the  fact  that  the  investigations  were 
conducted  on  polycrystalline  specimens. 

It  should  be  pointed  out  that  the  study  of  low-frequency  vibrations 
in  ferroelectrics  with  the  order-disorder  type  of  phase  transition  is  very 
important.  New  proof  is  being  found  at  this  time  that  these  transitions 
are  not  of  purely  relaxation  character  and  a^e  related  not  only  to  the 
ordering  of  "ready"  dipole  moments,  but  also  to  displacements  of  ions, 
leading  to  rearrangement  of  the  lattice.  Therefore,  experimental  determina¬ 
tion  of  the  modes  of  vibrations  that  cause  the  ferroelectric  phase  transition 
will  help  to  solve  the  problem  of  the  nature  of  spontaneous  polarization  in 
these  crystals. 

14.  Thermal  Diffusive  Scattering  of  X-rays  and  Electrons 

New  data  were  obtained  recently  concerning  the  vibrations  of  the 
barium  titanate  lattice  through  analyses  of  the  thermal  diffusive 
scattering  of  x-rays  [63,  64]  and  electrons  [65],  In  the  diffraction 
pattern  for  barium  uitanate  monocrystals,  in  addit-'or.  to  the  diffusion 
spots  near  the  reciprocal  lattice  points  and  diffusion  bands,  which  are  the 
result  of  acoustic  vibrations  of  the  lattice,  there  arc  also  diffusion 
bands  caused  by  ferroactive  low-frequency  transverse  optic  vibrations.  Here 
the  ferroactive  vibrations  have  low  frequency  all  the  way  to  short  wave¬ 
lengths. 

The  frequency  was  estimated  with  the  aid  of  the  known  dependence  -- 
of  inverse  proportionality  of  tin?  intensity  of  thermal  diffusive  scattering 
to  the  square  of  the  frequency  of  the  vibrations  causing  it.  It  turned  out 
that  in  th?  region  k/k  -  0.4.  the  freouenrv  was  -in15  sec-1. 


0.4,  the  frequency  was  ~10  *  sec" 


The  experimentally  observed  modulation  of  band  intensity  in  the 
space  of  the  reciprocal  lattice  can  be  explained  on  the  basis  of  the  assump¬ 
tion  that  the  ferroactive  vibration  corresponds  to  displacements  of  the 
cations  of  barium  and  titanium  to  one  side  and  of  oxygen  atoms  01  and  Oil 
to  the  opposite  side.  This  configuration  of  displacements  "freezes"  on 
transition  to  the  tetragonal  ferroelectric  phase.  The  concept  of  "freezing" 
of  the  ferroactive  vibration  in  the  ferroelectric  phase  is  also  encountered 
in  Cochran's  work  [61.  The  configuration  of  displacements  of  ions  in  the 
ferroactive  mode  according  to  [63,  64]  agrees  with  certain  structural  data 


o>"  the  displacements  cf  ions  in  tetragonal  barium  titanate,  obtained  with 
the  aid  of  x-ray  and  neutron  radiography,  specifically  with  F.vans'  first 
model  of  displacements  [66]  and  the  model  of  Frazer,  et  al  [67]. 

Effort.",  have  been  made  in  a  niunber  of  works  to  determine  the  form 
of  normal  viorcl ions  by  relating  them  to  vibrations  of  certain  groups  of 
atoms.  Thus,  it  was  assumed  [10-32,  15]  that  two  high-frequency  vibrations 
.  f  the  F,u  type  correspond  to  internal  vibrations  of  the  TiO^  octahedron, 

and  the  low-frequency  vibration  to  vibration  of  cation  A  relative  to  the 
octahedron.  It  is  now  clear  however,  that  in  this  vibration  there  are 
very  substantial  relative  displacements  of  Ti  and  0  atoms  [IS,  53,  6.3,  64], 
which  is  in  better  agreement  with  model  theories  and  crystallochemical 
concepts  of  the  nature  of  ferrcelectricity  in  barium  titanate. 

Another  important  result  of  analyses  of  the  diffusive  scattering  of 
x-ray.  [64]  was  the  discovery  of  anisotropy  of  the  frequency  of  ferroactive 
vibrations  in  the  tetragonal  phase;  the  frequency  of  vibration  on  the  a  axis 
was  lower  than  on  the  c  axis.  This  agrees  satisfactorily  with  the  fact  that 
permittivity  is  greater  on  the  a  axis  than  on  the  c  axis.  According  to 

Cochran’s  theory,  indeed,  =  n(v^(0)/v.‘^(0))  ,  where  v!"f;(05  and  vT°fO) 

i  1 

arc  the  frequencies  of  longitudinal  and  transverse  optic  vibrations  with 
zero  wave  vector.  Consequently  the  frequency  of  the  transverse  optic 
vibration  on  the  a  axis  should  be  lower  than  on  the  c  axis,  which  is 
observed  experimentally. 

Thus,  experimental  analyses  of  the  vibrations  of  the  crystal  lattice 
of  ferroelectric  ciystals  have  verified  the  validity  of  the  basic  concepts 
of  dynamic  theory  [1-6].  The  piesence  of  the  low-frequency  ferroactive 
mode  is  also  substantiated  b>  investigations  cf  the-  Messbauer  effect  (see 
Chapter  14)  and  by  investigations  of  the  dielectric  properties  of  fern- 
electrics  in  the  UHF  range  (see  Chapter  9) .  The  approach  to  the  ferro¬ 
electric  phase  transition  from  tie  point  of  view  of  the  instability  of  the 
crystal  lattice  in  relation  to  the  transverse  optic  mode  with  a  low  wave 
vector  is  very  fruitful  and  has  stimulated  the  extensive  development  of 
research  in  various  bn-.ches  of  solid  state  physics. 

Experimental  dispersion  relations  between  the  frequency  and  wave 
vector  of  certain  modes  make  it  possible  to  determine  a  number  of  constants 
of  dynamic  theory.  Thus,  on  the  basis  •'?  the  dispersion  curve  of  the  ferro¬ 
active  mode  in  strontium  titanate,  obtained  from  neutron  radiography,  a 
r.  del  _>f  rigid  ions  and  a  shell  model  were  calculated  fov  various  parameters 
a  harmonic  approximation  [53],  The  use  of  harmonic  approximation,  however, 
.nvolves  a  number  of  difficulties:  negative  values  cf  short-term  pol  rizu- 
tion,  overstated  values  of  polarization  of  positive  iens.  etc.  Tin-  chief 
difficulty  is  the  inability  to  explain  the  temperature  dependence  of  the 
frequency  of  the  ferroactive  mode.  This  temperature  dependence  is  attnbu  d 
to  anharmonic  interaction  between  modes. 


Several  attempts  have  been  made  recently  to  take  anharmonicity  into 
account  by  introducing  to  the  theory  the  parameters  of  interaction  between 
modes,  determined  from  experimental  data  [68,  69],  A  model  with  two 
parameters  of  anharmonic  interaction  between  titanium  and  oxygen,  dcte-- 
mined  from  experimental  data  on  the  basis  of  thermal  expansion  and  the 
temperature  dependence  of  the  frequency  of  the  ferroactive  mode,  is  pro¬ 
posed  in  [69].  This  made  it  possible  to  jiing  the  theoi-'tical  results  and 
experimental  data  on  infrared  reflection,  ntutron  scattering,  etc.  into 
better  agre  nent.  As  regards  further  development  of  the-  theory  that  "ukes 
into  accour*  anharmonic  effects,  experimental  data  on  the  dispersion  rela¬ 
tions  for  normal  modes  of  vibrations  in  the  different  crystallographic 
directions  are  important. 

The  s  :ate  of  dynamic  theory  is  described  in  detail  in  Chapter  5. 
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CHAPTER  16.  FERRCE LECTR I CS  WITH  BLURRED  PHASE  TRANSITION 
§1.  Fundamental  Properties 

Analysis  of  the  physical  properties  of  polycrystalline  specimens  of 
solid  solutions  Ba(Ti,  Sn)0^  fl,  2]  revealed  strong  blurring  of  e  peaks  in 

the  ferroelectric  phase  transitions  of  solid  solutions  with  a  high  concentra¬ 
tion  of  BaSnO,  (Figure  16. i).  The  existence  of  piezoelectric  vibrations  in 

prepolarized  specimens  at  temperatures  considerably  higher  (tens  of  degrees) 
than  the  temperature  of  the  e  peaks,  was  also  brought  to  attention  there. 

In  these  respects  the  given  solid  solutions  differed  substantially  from 
barium  titanate,  where  the  piezoelectric  vibrations  ceased  on  approaching 
maximum  c.  The  theory  of  noncurrent  passage  of  the  ferroelectric  phase 
transition  in  different  parts  of  a  crystal  when  heated,  due  to  internal 
stresses  and  fluctuations  of  composition,  was  advanced  in  [2].  By  fluctua¬ 
te  <os  of  composition  we  mean  deviations  of  the  concentration  of  BaSnO^  in 

microregions  from  the  average  concentration,  which  inevitably  occur  in  thc 
statistical  distribution  of  Ti  and  Sn  ions  in  the  octahedral  nodes  of  the 
perovskite  lattice.  These  composition  fluctuations  are  presumably  in  the 
"frozen"  state  at  room  temperature.  Because  of  the  dependence  of  the  Curie 
point  on  composition,  various  microregions  of  the  crystal  experience  the 
phase  transition  at  different  temperatures. 


Tnc  analogous  phenomena  were  also  observed  in  solid  solutions  of 
Ba(Ti,  Zr)0_  [2]  It  was  found  that  in  the  case  of  solid  solutions  of 

(Ba,  Sr)TiC-^  (at  high  SrTiO,  concentrations),  piezoelectric  vibrations  of 

prepolarized  polycrystalline  specimens  may  also  occur  at  temperatures  above 
the  temperature  of  peak  permittivity  [ 4 ,  5],  although  the  e  peaks  remain 
rather  sharp  [6] . 

Somewhat  later  unusual  dielectric  properties  were  discovered  in 
RbMgj^Nh,^.0_  and  PbNi ,,0,  [7].  The  permittivities  of  both  compounds 

were  high  and  passed  through  peaks:  in  the  case  of  PbNi.  --  through 

Z  rather  fat  one,  and  in  the  case  of  PbMgj ,-Nb.y-O,  through  a  sharper  peak 
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Figure  16.1.  Temperature  dependence  of  permittivity  of 
solid  solutions  BaTiO^-BaSnOj  in  weak  fields  at  frequency 

of  1  kHz.  The  numbers  near  the  curves  indicate  the 
concentration  of  BaSnO^  in  mole  %.  (According  to 

Smolenskiy  and  Isupov  [2]). 


(Figure  16.2). 


At  lower  temperatures  PbMg^^yjO^ 


did  not  display  a 


dielectric  hysteresis  loop  (Figure  16.3),  and  PhNi^^Nb^^^O^  displayed  a 

strong  displacemen :  of  the  e  peak  (and  the  tan  6  peak  corresponding  to  it) 
toward  higher  temperatures  as  the  frequency  of  the  measurement  field  was 
increased  (Figure  16.2).  Later  on  [8]  dielectric  hysteresis  loops  were  found 
in  PbNij^Nb7yjOj  (Figure  16.4)  and  also  displacement  of  the  temperature  of 


the  e  peak  with  increasing  field  frequency  in  Pbitg^Nb.^Oj  (Figure  16.5). 


Thus,  both  compounds  are  ferroelectrics,  but  they  also  manifest  properties 
that  are  unusual  for  previously  known  ferroelectrics,  since  the  position  of 
the  peak  on  the  curve  e  =  f(T)  depends  on  their  frequency. 


The  properties  of  polyc.r>stalline  PbMg 


\/3^2/z°3 


and  PbNi1/3Nb2/303 


are  analyzed  in  detail  in  [8]  for  the  purpose  of  proving  their  ferroelectric 
state.  As  proof  of  the  ferroelectric  state  of  these  compounds  is  examined 
[8]  not  only  the  dielectric  hysteresis  loop,  but  also  the  basic  curve  P  = 

=  f (E) ,  formed  in  Figures  16.3  and  16.4  by  the  vertices  of  the  hysteresis 
loops.  On  the  basis  of  the  curve  in  the  region  of  relatively  low  fields  is 
a  discontinuity  (i.e.,  a  sort  of  detached  field),  characteristic  o^  ferro¬ 
electrics.  It  was  determined  from  the  hysteresis  loops  that  spontaneous 
polarization  of  PbMgj^Nbj  ,^0  reaches  a  high  value  (~1 4 •  1 0~ 6  C/cm"  at  120°C) 


and  is  nonzero  at  temperatures  higher  than  the  temperature  of  the  c  peaks. 
When  a  stationary  field  is  applied  to  specimens  of  both  compounds  the 
permittivity  measured  in  the  weak  field  diminishes  and  the  peaks  of  f  and 
tan  3  are  displaced  toward  higher  temperatures. 
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Figure  16.5.  Temperature  dependence  of  permittivity 
(continuous  curves)  and  tan  6  (broken  curves)  of  poly- 
crystalline  PbMg^3Nb2^303  in  weak  fields  at  different 

frequencies.  (According  to  Smolenskiy,  et  al  [P>]). 

1  —  0  2  —  1;  3  —  45;  4  —  450;  5  --  1,500;  6  — 

4,500  kHz. 

vibrations  exist  in  a  rather  broad  temperature  range  above  the  temperatures 
of  the  e  peaks.  In  prcpolarized  (at  -lOO'C)  specimens,  however,  the  piezo¬ 
electric  vibrations  at  E_  -  0  vanished,  even  after  heating  to  -60°C.  A 

similar  dependence  was  also  noted  for  PbNij^NT^jOj. 

On  the  curves  that  depict  the  te’  .erature  dependences  of  the 
coefficients  of  linear  expansion  there  are  flat  peaks  in  the  temperature 
range  corresponding  to  the  peaks  of  low-frequency  e.  All  this  is  regarded 
as  verification  of  the  ferroelectric  phase  transitions  in  the  investigated 
compounds. 

The  growth  of  PbMg^Nb.,^0^  and  PbNi1^,Nb2/303  monocrystals  and 

analysis  of  their  properties  are  described  in  [9] .  The  character  of  the 
temperature  dependence  of  e  and  tan  6  of  the  sonocrystals  was  the  same  as 
for  polycrystalline  specimens.  There  was  also  a  displacement  of  maximum 
G  and  tan  5  toward  higher  temperatures  with  increasing  frequency. 


The  temperature  dependence  of  spontaneous  polarization  and  coercive 
field  of  PbMgj^3Nb.,y303  monocrystals,  determined  from  hysteresis  loops,  is 
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illustrated  in  Figure  16.6.  It  is  clear  from  the  figure  that  there  is  no 


perceptible  jump  of  Pg  in  the  region  of  the  e  maxima.  Saturation  of  the 


loops  is  not  achieved  at  high  temperatures. 


Figure  16.6.  Temperature  dependence 
of  spontaneous  polarisation  and 
coercive  field  of  PbMgj^Nb^y^C^ 

monocrystal  (according  to  Bokov 
and  Myl'nikova  [9]). 


During  investigation  in 

« §  polarized  light  it  was  found  that 

*^?“***'*'w  p  >  all  crystals  of  these  compounds 

a«  -  \  behave  like  optically  isotropic 

p<;  ;  ..  crystals  above  the  temperature  of 

****£<^  liquid  nitrogen.  Birefringence 

-7s3  ’  ‘-w  o  to  t.'C  occurs  under  the  influence  of  the 

stationary  electric  field  applied 
Figure  16.6.  Temperature  dependence  perpendicular  to  the  direction  of: 
of  spontaneous  polarization  and  observation,  but  as  a  rule  no  domain 

coercive  field  of  PbMgj  .^fiby/x^r  structure  is  noted.  A  domain 

.  ,  ,  ..  structure  could  be  detected  only 

monocrystal  (according  to  Bokov  ,  .  \ 

and  Mvl'nikova  1911  during  the  process  of  repoianzation 

1  ^  l  0f  very  thin  cryStals  (wedges  spreading 

through  the  crystal; .  The  domain 

boundaries,  however,  arc  indistinct  and  apparently  have  great  thickness.  If 
the  process  of  repolarization  takes  place  at  a  sufficiently  low  temperature, 
then,  by  removing  the  field  it  is  possible  to  "freeze"  the  corresponding 
domain  structure.  If  then,  in  the  absence  of  a  field,  the  crystal  is  heated, 
the  visibility  of  the  domains  gradually  worsens.  The  boundaries  become 
less  distinct.  At  approximately  ~605C  the  entire  visible  domain  structure 
vanishes  and  the  crystal  becomes  optically  isotropic. 

‘»e  see  in  Figure  16.7,  where  the  temperature  dependence  of  the 
birefringence  of  a  polarized  PbMgj^jNt 2/3^3  crystal  in  the  absence  of  a 

field  is  represented,  that  when  heated  up  to  -60°C  the  crystal  is  almost 
entirely  depolarized. 

Analysis  of  polycrystalline  specimens  and  monocrystals  of 
PbMgj/,2^>2/3°3  *n  a  broa<*  frequency  range  [10]  showed  that  the  displacement 

of  the  peak  on  the  curve  e  =  f(T)  with  increasing  frequency,  which  occurs 
at  radio  frequencies,  ceases  in  the  UHF  range  (Figure  16.8). 


Figuie  16.7.  Temperature  dependence 
of  birefringence  of  field-cooled 
PbMgjyjNb,yjO^  monocrystal  (Bokov 

and  Myl'nikova  [9]).  Curve  1 


plotted  for  heating  without  field, 
curves  2  and  3  for  cooiing  from 
-90  and  -60°C. 
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in 


Figure  16.8.  Tenperature  dependence  of  permittivity 
of  PbMg^^Nb^^Oj  monocrystai  at  different  fiequen- 

cj.es  (according  to  Khuchua  f  10] ) .  1  --  103 ;  2  -- 

10e;  3  —  6.6*10®;  4  -  109;  5  --  i.S*109;  6  -- 
2* 109  Hz. 

It  is  noteworthy  that  interesting  dielectric  properties  of  strontium- 
bismuth  titanates  (SBT)  have  been  known  for  a  long  time  [11,  121 »  The 
permittivity  of  SBT  is  high.  (-103)  and  increases  with  cooling,  passing 
through  a  flat  peak,  the  position  of  which  depends  on  the  frequency  of  the 
probing  field.  Skanavi  [13]  classified  SBT  as  nonferroelectric  compounds 
and  theorized  that  the  relaxation  dielectric  polarization  of  SBT  is  caused 
by  thermal  ionic  polarization.  Investigations  in  rather  strong  electric 
fields  have  established,  however,  that  SBT  have  dielectric  hysteresis  loops 
at  low  temperatures,  although  by  no  means  saturated,  which  suggests  that 
the  ferroelectric  mechanism  contributes  to  some  degree  to  the  dielectric 
polarization  of  these  compounds  [4]. 

Bogdanov  drspu-  is  the  validity  of  this  assumption  [IS].  He  points  to 
the  lack  of  dielectric  hysteresis  loop  saturation  and  to  the  failure  of 
attempts  to  detect  the  phase  transition  by  the  x-ray  diffraction  method.  He 
also  points  to  the  nonlinear  dependence  of  the  temperature  of  the  e  peak  on 
the  bismuth  titauate  concentration,  aid  to  the  fact  that  the  dependence  of 
the  temperature  of  the  e  peak  is  strong  only  at  low  bismuth  titanate 
concentrations  (which  makes  it  difficult  to  explain  the  strong  bit  rring  of 
the  phase  transition  at  nigh  concentrations).  It  is  emphasized  here  that 
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strontium  titanate  is  not  a  ferroelectric  (not  a  classic  ferroelectric  in 
any  case).  His  arguments,  however,  are  not  sufficiently  convincing. 
Actually,  not  only  SbT,  but  also  many  other  compounds  generally  recognized 
to  be  ferroelectries,  do  not  display  hysteresis  loop  saturation. 


The  x-rav  diffraction  method  in  the  case  of  ferroelecirics  with  a 
blurred  phase  transition  very  often  does  not  detect  changes  in  symmetry. 

The  nonlinearity  of  the  dependence  of  the  e  peak  temperature  on  concentra¬ 
tion  may  be  only  apparent  in  connection  with  the  limited  range  of  solubility 
of  bismuth  titanate  in  strontium  titanate.  (A  strong  increase  in  the  concen 
tration  of  bismuth  titanate  in  a  specimen  may  result  in  only  a  weak  increase 
of  its  concentration  in  solid  solution,  which  leads  to  termination  of  the 
dependence  of  the  e  peak  temperature  on  concentration) .  Strontium  titanate 
is  actually  not  a  common  ferroelectric,  but  with  small  additives  of  BaTiO^ 

(1-2  mole  %)  to  SrTiO^,  the  ferroelectric  properties  of  the  resulting  solid 


solution  are  unquestionable.  Finally,  the  fact  that  SBT  displays  the  dis¬ 
continuity  characteristic  of  ferroelectric*  on  the  intial  polarization  curve 
[8]  is  convincing  proof  of  the  ferroelectric  properties  of  SBT.  Furthermore 
Fritsberg's  work  [16],  pertaining  to  analysis  of  solid  solutions  of 
SrTiOj-B^^.jTiOj-PbTiOg  cleirly  shows  a  smooth  transition  of  the  e  maximum 

in  SBT  with  increasing  PbTiO^  concentration  to  what  is  certainly  a  ferro¬ 
electric  e  peak  in  solid  solutions  enriched  with  lead  titanate. 

The  analogous  phenomena  were  observed  in  [14]  (level  peak  on  the 
curve  e  =  f(T),  displacement  of  the  peak  toward  higher  temperatures  with 
increasing  frequency,  far  from  saturated  hysteresis  loops),  in  solid  solu¬ 
tions  of  (Ba,  Sr)(Ta,  Nh)~0.. 

c  0 

Goodman  [171  described  the  properties  of  barium  zirconate-niobate, 

to  which  can  be  ascribed  t  e  for.  la  Ba. (Nb.Zr-lO,..  and  structure  of  the 

o  8  2  30 

tetragonal  bronze  potasso-tungstate  type.  The  permittivity  ec  of  this 

compound  also  peaks  as  the  tempe'ature  changes,  shifting  toward  higher 
temperatures  as  frequency  is  increased.  On  the  c  axis  there  are  dielectric 
hysteresis  loops.  Spontaneous  polarization  decreases  moothly  with  heating, 
but  does  not  yanish  in  the  temperature  range  where  the  e  peak:  occur,  but 
retains  a  high  value,  continuing  to  diminish  gradually  with  heating  at  even 
higher  temperatures.  Goodman  classifies  the  phase  transition  in  this 
compound  as  a  third  order  ferroelectric  phase  transition,  during  which  the 
second  derivative  of  spontaneous  polarization  with  respect  to  temperature 
should  experience  a  jump  at  the  Doint  of  transition.  It  is  clear  from  the 
preceding  that  there  is  a  far  reaching  analogy  in  the  properties  of  the 
above-descri'  ed  compounds.  It  would  be  erroneous,  however,  to  speak  of 
third  order  transitions  in  these  cases.  Here  the  temperature  of  transition 
cannot  be  related  to  maximum  e  at  any  frequency,  since  spontaneous  polariza¬ 
tion  itself  is  net  equal  Co  zero  on  any  frequency  m  this  .‘.emperature  range. 
If  the  transition  occurs  at  a  very  high  temperature,  where  P  *  0,  then  the 

occurrence  of  e  peaks  and  the  dependence  of  their  temperature  on  frequency 
are  inconceivable. 
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62.  Principles  of  Phase  Transition  Blurring 

The  great  number  of  various  ferroelectrics  with  the  same  character  of 
dielectric  polarization  is  reminiscent  of  the  nature  of  phenomena  that  occur 
in  these  crystals.  The  general  structural  features  of  all  these  compounds  -- 
different  ions  in  the  same  crystallographic  positions,  can  be  distinguished 
by  careful  examination.  The  assumption  of  the  possibility  of  statistic?! 
distribution  of  different  ions  in  these  positions  led  to  assumptions  coi  - 
cernitig  the  presence  of  composition  fluctuations  resulting  in  the  blurring 
of  the  ferroelectric  phase  transition  and  relaxation  character  of  dielectric 
polarization.  Hence  it  stood  to  reason  that  dielectric  polarization  will 
also  be  of  relaxation  character  if  one  starts  with  classical  ferroelectrics 
but  achieves  phase  transition  blurring.  Measurements  of  the  &  of  solid 
solutions  Ba(Ti,  Sn)0,  with  a  strongly  blurred  z  maximum  on  various 

frequencies  supported  this  conclusion  [8].  Thus,  the  relationship  between 
the  relaxation  character  of  dielectric  polarization  and  blurring  of  the 
ferroelectric  phase  transition  became  obvious. 

Internal  stresses  and  fluctuations  in  composition  are  regarded  in  [2] 
as  the  causes  of  blurring  of  the  ferroelectric  phase  transition.  Internal 
stresses,  however,  occuring  in  domains  of  a  monocrystal  or  in  the  grains  of 
polycrystalline  specimens  due  to  spontaneous  deformation  during  phase 
transition,  obviously  cannot  be  a  deci  :ng  factor.  Actually,  if  we  examine 
solid  solutions  BaTiO^-BaSnO^,  we  find  that  barium  titanate  displays  the 

most  spontaneous  deformation,  and  here  the  internal  stresses  should  be 
correspondingly  maximal.  In  this  series  of  compounds  .nevertheless,  it  is 
precisely  BaTiO^  that  has  the  most  disf'.nct  phase  trai  itior  . 

It  should  be  p  inted  out  that  the  phase  transit!  n  can  also  be  blurred 
as  a  result  re  macroscopic  nonequilibrium  heterogeneity  . n  composition 
(caused,  fo:  instance,  by  incomplete  mutual  dissolvi  *3  of  the  components  of 
the  solid  solutions).  However,  prolonged  annealing  of  a  number  of  ferro¬ 
electric  solid  solutions  with  the  blurred  phase  transition,  tarried  out  at 
high  temperatures  [8] ,  did  not  eliminate  the  blurring  of  the  transition. 

In  the  case  of  PbMg^Nb^CL,  «*  ;ch  is  not  a  solid  solution,  but  a  compound, 

one  cannot  speak  at  all  of  incomplete  dissolving.  It  may  be  assumed,  then, 
that  macroscopic  composition  heterogeneities  in  most  of  the  examined  cases 
are  not  the  main  factor  in  blurring  of  the  transition,  although  generally 
speaking  their  effect  should  be  taken  into  account-  .-.nenever  they  are 
possible . 

Quantitative  evaluation  of  the  effect  of  fluctuations  in  composition 
on  the  blurring  of  phase  transitions  was  done  in  [18] .  The  investigation 
was  done  on  a  solid  solution  of  two  compounds  with  the  perovsk:te  structure 
AB'0_  +AB"0.j,  where  the  A  ions  are  located  in  cubic  octahedrons  and  the  B* 

and  B"  ions  in  the  octahedral  positions.  Presumably  there  is  no  suca 
ordering  of  B’  and  B"  ions  in  the  octahedral  nodes.  Suppose  the  concentra¬ 
tion  of  AB'T .  in  the  solid  solution  is  p.  In  the  solid  solution  there  is  a 
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snail  space  containing  n  "molecules"  of  ABO^,  where  B  =  B*  or  BM.  Events, 

consisting  in  the  detection  of  each  "molecule"  in  the  space  set  aside  (which 
is  infinitesimally  small  compared  to  the  volume  of  the  specimen),  are 
regarded  as  independent  events.  Then  the  probability  of  finding  m  molecules 
of  AB"Oj  in  this  space  is: 

p  i»!-^  (i  ,j  £l-m}l-r»  ->r.  (16.1) 


Using  Sterling's  equation,  taking  the  logarithm  and  introducing  the 
symbol  for  A8"0,  concentration  in  the  examined  small  volume  q  =  m/n,  we 
obtain 

i« Pit) — » [» Jf ^57 + •« T^* J”T •] .  fl6  , 


In  order  to  use  this  equation  we  must  know  the  value  of  n.  For  this 
purpose  i  t  is  necessary  to  select  the  volume  in  which  spontaneous  polarisa¬ 
tion  takes  place  simultaneously  in  all  its  parts,  i.e.,  which  polarizes 
spontaneously  as  a  whole.  Some  indications  of  the  size  of  this  space  are 
given  by  Kanzig  [19]  (but  only  for  pure  barium  titanate). 

Kanzig,  as  we  know,  on  the  basis  of  x-ray  diffraction  data,  concluded 
that  near  the  temperature  of  the  phase  transition  from  the  paraelectric 
state  t.o  the  ferroelectric  state  barium  titanate  crystals  break  up  into 
tiny  regions,  in  which,  due  to  thermal  fluctuations,  the  spontaneously 
polarized  state  occurs  at  one  moment  and  vanishes  at  another.  These  regions 
exist  in  BafiO,  in  a  narrow  temperature  range;  they  cannot  be  detected  in 

the  crystal  very  far  from  the  transition  temperature.  Spontaneous  polari¬ 
zation  occurs  in  each  of  these  regions  (we  will  call  them  "Kanzig  regions") 
whether  or  not  it  takes  place  in  the  analogous  adjacent  regions. 

It  is  obvious  that  a  similar  phenomenon,  that  of  the  breaking  down 
of  a  crystal  in  the  phase  transition  region  into  polar  and  nonpolar  regions, 
should  occur  also  in  ferroelectric  solid  solutions,  where  the  temperature 
at  which  spontaneous  polarization  takes  place  in  each  Kanzig  region  will  be 
determined  by  the  concentration  q  =  m/n  in  this  region.  It  is  natural  to 
assuou  the  dimensions  of  the  volume  which  we  have  set  aside  to  coincide 
with  the  dimensions  of  the  Kanzig  regions.  Kanzig  estimates  the  upper 
bound  of  linear  dimensions  of  these  regions  to  be  10* 3  cm  and  the  lower 
bound  to  be  10”s  cm.  The  elemental  nucleus  ("molecule”)  of  the  examined 
solid  solutions  measures  -4  A,  so  that  the  upper  bound  for  n  is  16  mil  lig¬ 
and  the  lower  is  16,000.  If  n  is  close  to  the  lower  bound,  then  according 
to  [2] ,  deviations  in  tha  concentration  of  A3"0,  in  the  Kanzig  region  from 

the  average  concentration  should  be  rather  substantial. 

Calculation  by  equation  (16.2)  using  a  value  of  n  close  to  the  lower 
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bound  (n  =  27,000}  yields  curves  of  distribution  of  Kanzig  regions  in  terms 
of  composition,  shown  in  Figure  16.3.  The  width  of  the  interval  of 
perceptible  concentrations  is  conditionally  the  same  as  the  width  of 
the  peak  at  height  9.2P  .  The  width  of  the  interval  of  these  concentre* 

123.  X 

tions  with  c  istant  n  clearly  depends  on  macroscopic  concentration  p,  and 

it  is  clearly  equal  to  aero  when  p 
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Figure  *6.3.  Curves  of  distribu¬ 
tion  of  Van-ig  regions  in  terms  of 
composition  for  n  *  27,000  and  p 
equal  to  0.04,  0.2,  0.5,  0.8  and 
0.9  (Isupov  [IS]),  x  --  deviation 
of  compr-ent  concentrations  in 
Kanzig  region  from  macroscopic 
(in  mole  %),  aa,  a’a",  a"a"  — 
conditional  concentration  intervals. 


is  0  and  1.  When  p  is  0.5  it  is 
maximal.  The  Curie  point  of  the 
Kanzig  region  will  be  determined  by 
the  concentrations  of  the  components 
in  this  region.  The  sore  the  Curie 
point  (average)  depends  or.  component 
concentration,  naturally,  the 
greater  will  he  the  width  of  the 
temperature  range  in  which  the  phase 
transition  occurs  (the  Curie  region) 
with  the  given  n.  For  Ea(Ti,  Sn)0.., 

for  example,  the  change  of  the  Curie 
point  is  about  8*^  per  1  mole  %  of 
BaSnO..  When  n  =  27,000  and  p  =  0.2 

the  widtn  of  the  conditional  interval 
of  concentrations  is  0.008  or  0.8 
mole  %,  which  yields  a  Curie  region 
width  of  6.4cC.  Evaluation  of  the 
width  of  the  Curie  region  for  the 
compound  PbMg^.Nb^.O.  yields  about 

15t>°C  [201. 

Thus,  quantitative  estimates 
of  the  blurring  oi  phase  transitions 
due  to  fluctuations  of  composition 
yield  values  that  agree  satisfactorily 
with  experimental  data. 


As  shown  by  Rolov  [21],  it.  is 

easy  to  find  from  relation  (16.1)  the  expression  for  the  distribution  of 
Kanzig  regions  with  respect  to  Curie  points  T  : 


[cp=mel 


•{t.-t?,1 

""-TBarsur"***- 


(16.3) 


where  y  =  (T  -  T^e)/(q  -  p)  is  the  coefficient  that  determines -the  rate  of 

change  of  the  Curie  point  as  component  concentration  changes,  and  T^6  is  the 

mean  transition  temperature.  This  expression  is  more  convenient  for  calcu¬ 
lations. 
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Various  factors  that  can  influence  the  degree  of  blurring  of  ferro¬ 
electric  phase  transitions  are  discussed  in  [20].  Also  examined  is  a 
crystal  A(Bj_x8£)0.j  with  a  perovskite  structure,  in  which  each  of  the 

elemental  nuclei  has  the  composition  AB'Oj  or  AR"0.j.  If  the  charges  of  B' 

and  B"  are  net  equal,  obviously,  the  nuclei  will  have  some  positive  or 
negative  charge,  even  though  the  crystal  as  a  whole  is  electroneutral. 

If  the  energies  of  reaction  between  nuclei  AB’O^  and  AB'O^,  AB'^ 

and  AB'^,  AB'O^  and  AB"Oj  are  equal,  then  the  distribution  of  ions  B'  and 

B"  will  be  statistical,  and  the  parameters  of  long-range  and  short-range 
order  will  be  equal  to  zero.  One  of  the  conditions  for  this  is  (assuming 
a  heterovalent  bond)  equality  of  the  charge?  of  ions  8*  and  B".  Another 
condition  will  be  equality  of  the  geometrical  dimensions  of  these  ions. 
Otherwise  nuclei  AB’O^  tend  to  surround  themselves  with  oppositely  charged 

AB"0^  nuclei,  and  the  nuclei  with  the  larger  B'  ions  tend  to  surround  them¬ 
selves  with  nuclei  with  smaller  B"  ions  (in  the  latter  case  the  AO^  poly¬ 
hedron  is  deformed,  but  the  ordering  of  large  and  small  octahedrons  leads  to 
reduction  of  the  overall  (summary)  elastic  energy) .  The  result  will  be 
either  lorg-range  order  (as,  for  example,  in  the  case  of  PbMg^^W^^^O^)  or 

simply  short-range  order  (as,  obviously,  in  PbFe^gNb^^Oj) .  In  the  presence 

of  long-range  order  there  are  no  fluctuations  in  composition.  In  the 
presence  of  short-range  order  the  fluctuations  are  smaller  than  in 
statistical  distribution.  Deviation  of  the  ratio  of  the  number  of  ions  B' 
to  the  number  of  ions  B"  from  1:1  also  weakens  the  ordering  tendency  and 
the  distribution  of  B'  and  B"  ions  will  be  close  to  statistical  (as,  for 
example,  in  PbMg ■ 

in  the  case  of  solid  solutions  with  limited  s'lubility  in  those 
compositions  that  are  dlose  to  the  solubility  limit,  segregation  of  atoms 
can  be  expected,  i.c.,  enrichment  of  some  microscopic  sections  of  the 
crystal  with  B'  ions  and  of  others  with  B”  ions  (a  sort  of  predissociated 
state).  This  sho**'d  lead  to  a  sharp  increase  in  the  blurring  of  the  phase 
transitii... 

Regardless  of  the  character  of  distribution  of  ions,  it  must  be  taken 
into  account  th?*  the  electrostatic  and  elastic  energies  of  the  Kanzig 
region  --  spontaneously  polarized  region,  surrounded  by  a  medium  without 
spontaneous  polarization,  are  proportional  to  the  squares  of  spontaneous 
polarization  (P  )  and  spontaneous  deformation,  respectively.  For  large  P 

and  great  spontaneous  deformation,  therefore,  the  simultaneous  onset  of 
spontaneous  polarization  in  a  large  volume  of  the  crystal,  with  the  forma¬ 
tion  of  domain  structure,  is  preferable  from  the  energy  standpoint  to  the 
gradual  transition  of  individual  segments  of  the  crystal  into  the  ferro¬ 
electric  state  while  the  surrounding  space  remains  in  the  unpolarized  state. 
This  apparently  explains  the  absence  of  a  notable  Curie  region  in  solid 
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solutions  BaTiO, 


^-PbTiOj  and  SrTiOj-PbTiOj,  where  spontaneous  deformation  and 

polarization  increase  sharply  as  the  concentration  cf  lead  titanate,  which 
of  the  perovskite  ferroelectrics  has  a  6  times  greater  maximum  spontaneous 
polarization  and  spontaneous  deformation  than  barium  titanate,  increases. 

It  has  been  shown  experimentally  that  in  solid  solutions  Na^  gBiQ  jTiO^- 

-PbTiOj,  by  measure  of  increasing  concentration  of  lead  titanate,  accom¬ 
panied  by  an  increase  in  deformation  and  electrostatic  energies,  Dhase 
transition  blurring,  which  is  great  in  Na_  cBin  cTiO,,  actually  decreases 
[22].  0,3  3 

Tt  is  noteworthy  that  a  different  explanation  of  the  blurring  of 
ferroelectric  phase  transitions  is  found  in  several  works  [23-26].  Here, 
as  in  [18],  the  concept  of  the  separation  of  a  crystal  near  the  Curie  point 
into  a  set  of  regions,  in  which  spontaneous  polarization  occurs  at  one 
moment  and  vanishes  another  under  the  influence  of  thermal  fluctuations. 

The  term  "Kanzig  regions,"  introduced  in  [18],  is  used  in  [23,  24]  for  these 
regions. 

The  authors  of  [23,  24],  examining  the  phase  transition  of  the 
crystal  from  the  spontaneously  polarized  state  to  the  unpolarized  state, 
write  the  change  of  thermal  capacity  during  the  phase  transition  in  the  form: 


(16.41 


where  is  the  energy  of  transition  per  unit  volume  of  the  crystal  into 

the  nonpolar  state,  Vj/V  is  the  relative  volume  of  the  substance  experiencing 

the  phase  transition.  If  the  unit  volume  of  the  crystal  is  divided  near 
the  transition  point  into  N  Kanzig  regions  with  volume  VQI  of  which  Nj  are 

in  the  nonpolar  state,  then  the  entropy  S  of  the  system  is  determined  through 
the  number  of  possible  locations  of  the  nonpolar  regions  among  the  total 
number  of  regions  N.-  Ignoring  spontaneous  deformation,  it  follows  from 
the  minimum  free  energy  that 
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(16.5) 


where  is  the  change  in  the  thermodynamic  potential  and  V0  is  the  volume 
of  an  individual  region.  For  the  first  order  transition 

-  Q,  r>7 —  Q,  77-  (16.6) 
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Considering  the  relation 


(16.7) 


where  C  is  the  Curie-Weiss  constant,  we  obtain  from  (16.4)-(16.7) : 
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It  follows  from  (16.8)  that  the  thermal  capacity  curve  is  "blu  red" 
in  some  t  ’mperature  interval .  Introducing  the  temperature  interval  T  for 

the  blurring  characteristic,  in  which  thermal  capacity  is  one-'nalf  the  'alue 
compared  to  its  maximum,  the  authors  obtain: 


kcr, 

r.  =  3.52  -JTpT- 


(16.10) 


The  correlation  between  individual  regions  leads  to  a  reduction  of 
the  degree  of  blurring  of  the  phase  transition. 

It  follows  from  expression  (16.10)  that  the  principsl  factors 
governing  the  degree  of  blurring,  in  the  case  of  examination  of  hetero- 
phasal  fluctuations,  are  VQ  and  the  ratio  CT^/P- .  Thus,  the  higher  the 

transition  temperature,  the  larger  C  and  the  smaller  Pg ,  the  greater  will  be 

the  degree  of  blurring  for  the  same  Vft. 

Thus,  the  blurring  of  phase  transitions  in  [23,  24]  is  explained 
without  involving  theories  of  fluctuations  in  composition  with  a  favorable 
ratio  of  the  values  V^,  C,  T£,  Pg.  The  problems  of  the  quantitative 

character  of  the  phenomenon,  however,  are  by  no  means  solved.  The  fact  is 
that  there  are  distinct  phase  transitions  in  all  simple  perovskite  com¬ 
pounds  in  which  there  are  no  fluctuations  in  composition.  The  blurring  of 
phase  transitions  occurs  only  in  the  solid  solutions  and  complex  perovskite 
compounds  (such  as  PbMg,  ,_Kb.  .,0,)  that  have  fluctuations  in  composition. 

Therefore  fluctuations  of  composition  are  a  more  important  cause  of 
blurring  of  phase  transitions  than  thermal  fluctuations  in  ferroelectrics 
of  complex  composition. 

Examination  of  thermal  heterophasai  fluctuations  in  ferroelectrics 
is  useful,  in  particular  because  the  explanation  of  the  properties  of 
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ferroelectrics  with  a  blurred  phase  transition  with  the  aid  of  fluctuations 
in  composition  embodies  examination  of  thermal  heterophasal  fluctuations 
(see  below) . 

Noteworthy  in  this  regard  are  the  works  of  Rolov  [21  o] ,  per¬ 

taining  to  examination  of  several  properties  of  ferroeleetr.  -  with  a 
blurred  phase  transition  (oiurring  of  e  peak,  temperature  curve  of  P  , 

thermal  conductivity,  etc.),  the  conclusions  of  which  are  valid,  regardless 
of  the  causes  of  blurring. 

§3,  Kinetics  of  Transitions 

We  will  now  examine,  on  the  basis  of  concepts  of  compositional 
fluctuations  as  the  chief  cause  of  transition  blurring,  the  kinetics  of 
the  blurred  ferroelectric  phase  transition  [20,  27].  Here,  as  before,  we 
will  discuss  the  first  order  transition,  close  to  the  second  order  transi¬ 
tion.  We  will  define  the  mean  Curie  temperature  of  the  crystal  T^e  as  the 

temperature  that  corresponds  to  the  transition  of  one-half  the  volume  of 
the  crystal  to  the  ferroelectric  state.  This  temperature  can  be  deter¬ 
mined  by  different  methods  (in  particular,  by  dilatometric  measurements). 

We  will  examine  a  ferroelectric  with  a  blurred  phase  transition 
during  cooling  from  high  temperatures.  Let  the  temperature  of  the  crystal 
be  considerably  higher  than  T1”0,  but  lower  than  the  Curie  point  of  individual 

c  lo 

parts  of  the  crystal,  which  have  the  maximum  local  Curie  temperature  T  . 

Then  under  these  conditions  there  will  be  regions  of  spontaneous  polariza¬ 
tion,  surrounded  on  all  sides  by  a  nonpolar  phase  (isolated  polar  regions), 
Tne  term  "domainoids"  is  used  in  [27]  for  such  regions.  In  contrast  to 
domains,  which  we  define  as  spontaneously  polarized  regions  (in  which  the 
electric  moments  of  all  elemental  nuclei  have  the  same  direction),  surrounded 
by  spontaneously  polarized  regions  with  a  different  direction  of  spontaneous 
polarization,  domainoids  are  spontaneously  polarized  regions  (in  which  the 
electric  moments  of  all  elemental  nuclei  also  have  the  same  direction), 
surrounded  on  all  sides  by  parts  without  spontaneous  polarization.  The 
Kanzig  regions  are  defined  here  as  the  minimal  spontaneously  polarized 
regions  in  the  nonpolar  environment,  i.e.,  nuclei  of  a  new  phase  of 
critical  dimensions. 

While  the  temperature  is  relatively  high  there  will  be  few  isolated 
polar  regions  and  they  will  be  separated  from  each  other  by  very  great 
distances  compared  to  the  dimensions  of  these  regions,  so  that  the  forces 
of  interaction  between  them  can  be  ignored.  Two  important  processes  take 
place  during  cooling:  growth  of  existing  isolated  polar  regions  due  to 
their  combining  with  adjacent  parts  of  the  paraelectrie  phase,  and  appearance 
of  new  isolated  polar  regions.  As  the  uistance  between  these  regions 
diminishes,  the  interaction  between  them  is  strengthened. 

At  some  stage  the  polar  regions  begin  to  join  together.  This  may 
lead  cither  to  the  formation  of  domain  walls  between  them  or  to  their  fusion 
and  formation  of  large  isolated  polar  regions. 
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When  T  =  'r  ,  where  the  volume  of  the  ferroelectric  phase  is  identical 

to  that  of  tbo  paraelectric  phase,  the  crystal  can  be  imagined  as  some 
complex  combiiVJtion  of  two  mutually  penetrating  phases. 

On  cooling  below  T^e  the  domain  structure  gradually  spreads  through 

the  entire  crystal.  However,  in  connection  with  the  fact  that  the  crystal 

has  a  large  number  of  segments  with  a  low  local  Curie  temperature,  the 

domains  that  form  (in  contrast  to  the  domains  in  ordinary  ferroelectrics) 

are  not  continuous,  and  they  contain  a  large  number  of  nonpolar  "islands." 

The  number  of  these  islands  diminishes  by  measure  of  cooling  of  the  crystal 

and  distance  from  T*ne. 

c 

In  examining  this  domain  structure  we  may  obviously  assume  that  the 
position  of  the  boundary  between  domains,  in  which  it  passes  through  the 
maximum  number  of  nonpolar  islands  is  the  most  stable  position.  In  other 
words,  the  planes  with  the  maximum  density  of  nonpolar  islands  are  the 
natural  boundaries  between  adjacent  domains.  A  high  concentration  of 
nonpolar  islands  on  domain  boundaries  may  lead  to  great  average  wall  thick¬ 
ness  and  to  uneven  domain  edges.  This  conclusion  agrees  with  experimental 
results  (9]  on  optical  analysis  of  PbMg^-Nb^yTO^  crystals. 

In  such  an  examination  of  a  blurred  transition  we  must  deal  with  the 
important  role  of  thermal  heterophasal  fluctuations.  If  the  temperature  of 
the  specimen  T*is  higher  than  the  local  Curie  temperature  of  any  section  of 
the  crystal,  then  spontaneous  polarization  will  occur  in  this  section  from 
time  to  time  under  the  influence  of  thermal  fluctuations.  The  spontaneously 
polarized  state  will  be  metastabie  here.  If  T  <  T*°,  then  spontaneous 

polarization  in  this  section  will  be  stable,  but  will  disappear  from  time 
to  time  under  the  influence  of  thermal  fluctuations.  Here,  the  greater 

T*°  -  T  the  less  often  thermal  fluctuation  will  be  of  sufficient  magnitude 

and  the  shorter  tl.a  lifetime  of  the  pciar  region  in  tne  nonpolar  state. 
However,  in  a  sufficiently  w5de  range  of  temperatures  adjacent  to  T*°,  the 

possibility  ef  disappearance  of  spontaneous  polarization  in  the  pciar  region 
cannot  be  ignored. 

From  the  given  examination  of  the  kinetics  of  the  blurred  phase 
transition  we  may  explain  several  properties  of  PbMgj^Nb^-'’5-.  and 

PbNijyjNb^^O^,  investigated  in  [8,  9]:  features  of  piezoelectric  vibrations, 

birefringence  and  domain  structure. 

As  the  crystal  is  cooled  in  the  absence  of  a  field  the  joining  of 
isolated  regions  leads  to  very  small  domain  dimensions,  with  the  result 
that  the  domain  structure  is  not  visible  under  the  microscope.  Wien  an 
electric  field  is  applied  individual  domains  enlarge  at  the  expense  of 
others.  Here  the  nonpolar  islands  previously  located  on  the  boundaries  of 
the  small  domains  find  themselves  within  the  enlarged  domains.  By  measure 
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of  reorientation  and  enlargement  of  domains  Visible  birefringence  appears  in 
monocrystals  and  polycrystalline  specimens  display  piezoelectric  properties, 
which  may  last  at  low  temperatures  even  after  termination  of  the  field.  If, 
however,  the  field  is  terminated  and  the  temperature  does  not  differ  very 

much  from  T^e,  then  depolarization  will  occur  from  time  to  time  in 

individual  parts  of  domains  as  a  result  of  thermal  fluctuations.  Kith  the 
reappearance  of  spontaneous  polarization  in  these  waits  its  direction  may 
not  coincide  with  the  initial  direction.  Consequently  large  domains  will 
break  down  into  small  domains  (the  formation  of  small  domains  within  the 
initial  large  domains,  where  the  contours  of  the  original  large  domains  are 
preserved),  visible  birefringence  and  piezoelectric  properties  will  diminish 
At  low  temperatures  this  process  proceeds  slowly,  and  speeds  up  on  heating 
(end  by  the  time  the  temperature  of  PbMg^  reaches  -60°C  the  process 

is  complete).  The  existence  of  piezoelectric  vibrations  in  the  presence  of 
a  stationary  field  at  very  high  temperatures  (up  to  SO°C  in  PbMg^Kb^jO^) 

is  easily  explained  by  the  presence  of  isolated  polar  regions  at  these 
temperatures. 

It  also  becomes  understandable  why  many  ferroclectrics  with  the 
blurred  phase  transition,  possessing  a  relatively  low  coercive  field,  uc 
not  have  dielectric  hysteresis  loop  saturation,  even  with  very  high  fields. 
Apparently,  the  increase  of  polarization  does  not  conclude  with  the 
reorientation  of  all  existing  domains  and  isolated  polar  regions,  but 
continues  due  to  the  gradual  transition  of  the  nonpolar  parts  of  the  crystal 
into  the  polar  state  under  the  influence  of  the  electric  field. 

§4.  Dielectric  Polarization 

In  view  of  a  number  of  features  of  ferroelectrics  with  the  blurred 
phase  transition,  there  may  be  other  mechanisms  of  polarization  in  addition 
to  the  polarization  mechanisms  characteristic  of  ordinary  ferroelectrics 
(20,  27).  One  such  mechanism  is  relaxation  of  isolated  polar  regions  and 
their  boundaries. 

Spontaneous  polarization  of  an  isolated  polar  region  caii  have  six 
different  directions  (100),  (100),  (010),  [010],  (001)  and  [001]  in  the 
case  of  tetragonal  symmetry  of  the  ferroelectric  phase,  12  in  the  case  of 
rhombic  symmetry  and  eight  in  the  case  of  rhombohedral  symmetry.  It  can 
be  assumed  that  an  isolated  polar  region  possessing  spontaneous  polarization 
in  one  of  these  directions  will  be  located  in  a  potential  hole.  At 

temperatures  lower  than  T*°,  but  close  to  7*°,  the  central  potential  hole 

corresponds  to  the  state  with  zero  polarization.  When  T  «  T*°  the  central 

hole  does  not  exist.  As  the  case  may  oe,  in  describing  the  state  of  an 
isolated  polar  region  we  may  examine  several  potential  holes,  symmetric 
with  respect  to  the  state  with  P  =  0.  Thermal  motion  may  cause  the 
polarization  vector  to  jump  from  one  direction  to  another  through  the 
state  with  zero  polarization,  i.e.,  may  lead  to  depolarization  ,'f  the 


region  with  subsequent  polarisation  in  any  of  the  possible  directions.  The 
application  of  an  electric  field  guat7y  increases  the  residence  time  of 
the  region  in  one  of  the  potential  hole.  .  Titus,  we  will  have  relaxation 
polarisation,  similar  So  thermal  ionic  polarisation.  The  number  cf  relaxa¬ 
tion  elements  here,  however,  will  he  strongly  dependent  or  temperature. 

The  boundaries  between  the  polar  and  nonpolar  phases  are  in  continuous 
motion  a"  *rr  the  influence  of  thermal  motion.  Ke  will  examine  the  growth  of 
a  new  lay  of  cells  of  the  polar  phase  on  such  o  boundary.  We  will  recall 
tltl  our  discussion  concerns  first  order  phase  t . ansi t ions.  As  the  lumber 
of  cells  in  the  growing  "step"  increases,  the  energy  of  this  step  will 
increase  at  first  furstable  nucleus),  peak  (critical  nucleus),  and  then 
diminish  wfrer  the  a.cp  reaches  sufficiently  large  dimensions.  In  view  of 
the  finite  dimensions  of  an  isolated  polar  region,  however,  the  site  of 
the  step  and  tne  reduce fin  of  its  energy  are  also  linitcJ.  Thus,  we  can 
talk  of  two  potential  holes,  one  of  which  is  related  to  the  dipole  moment, 
etjU'l  to  zero  and  the  other  to  some  dipole  moment  p.  The  expansion  or 
f" sco  oearance  of  an  isolated  polar  region  of  a  new  layer  of  elemental 
nuclc  un  a  facet  is  related  to  t*'C  transition  of  this  layer  from  one 
pate*’  .?  ole  to  another  and  is  equi.\ ..lent  to  relaxation  of  a  dipole  with 
’i  v  * ..  1  ;/ 2.  Apparently  ic  is  also  necessary  to  consider  the  resonance 

of  •  •  ndaries  between  the  polar  and  nonpolar  phases,  as  suggested  in  [2#]. 

Hie  formulation  of  a  theory  of  dielectric  polarisation  of  f«.rro- 
electrics  with  blurred  phase  transition  is  obviously  ?.  very  complex  problem 
in  statistical  physics.  The  first  task  toward  the  develo.  event  of  such  a 
heory  is  to  determine  the  critical  dimensions  of  spontaneously  polarised 
regions  in  a  nonpolar  environment.  The  energy  of  such  regions  will 
ohv:'  .sly  be  the  sum  of  change  of  free  energy  =  AfT  -  .  VP*  t  BP*  <  CP6  + 

-  ...  during  the  phase  transition,  and  aisv  of  the  electrostatic,  defolia¬ 
tion  and  surface  energies.  Jaskiewic;  [29]  did  such  a  calculation  for 
nuclei  in  ellipsoidal  form.  He  arrived  at  dimensions  corresponding  to  the 
estimate  of  the  d'mensions  of  the  Kanztg  regions.  However,  the  surface 
energy  in  this  calculation  is  very  roughly  approximated,  and  presumably  it 
is  equal  to  one-half  the  energy  of  the  1S0C  domain  wall.  The  c  .istcnce  of 
frontal  boundaries  (perpendicular  to  P  )  along  with  flank  boundaries 

(para lie*  to  P^)  was  completely  disregarded. 

In  addition  to  the  need  to  formulate  a  theory  of  dielectric  polarisa¬ 
tion  of  fcrroeiectrics  with  blurred  phase  transition,  it  is  Still  important 
to  continue  experimental  research  on  these  fcrroeiectrics  and  to  determine 
accurately  those  values  with  which  the  theory  will  operate. 
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CHAPTER  17  ANTIFERROELECTRICS 

The  properties  oi'  antiferroelectric  compounds  and  some  of  their  solid 
solutions  are  discussed  in  this  chapter.  Chief  attention  is  focused  on  anti- 
ferroelectrics  with  the  perovskite  structure,  since  they  have  been  investi¬ 
gated  most  thoroughly. 

The  term  "antiferroelectric"  was  first  introduced  by  Kittei  [1^.  An 
antiferroelectric  is  defined  [1]  as  a  crystal  with  spontaneously  polarized 
ion  chains,  where  adjacent  ion  chains  of  a  given  type  are  polarized  in 
opposite  directions.  It  is  usually  assumed  that  the  nature  of  antiferro- 
electricity  is  analogous  to  that  of  ferroelectricity. 

The  first  compcund  to  be  classifed  as  an  antiferroelectric  was  lead 
zirconate  [2].  It  should  be  recalled,  however,  that  the  possibility  of 
transitions  between  phases  with  different  orientation  of  dipole  atom  groups 
was  examined  by  Frenkel  [3],  wl.c  also  predicted  the  possibility  of  anti¬ 
parallel  ordering  of  dipole  moments  parallel  to  hydrogen  halide  crystals 
[4],  As  already  stated,  antiferroelectrics ,  like  ferroelectrics,  can  be 
divided  into  two  groups  --  urs  with  a  phase  transition  into  the  displacement 
type  antiferroelectric  state,  the  other  with  a  phase  transition  into  the 
order-disorder  type  of  antiferroelectric  state. 

We  will  proceed  to  the  specific  examples  of  antiferroelectrics. 

§1.  Antiferroelectrics  with  the  Perovskite  Type  Structure 


1 .  Lead  Zirconate 

Structure  of  Lead  Zirconate 

X-ray  diffraction  analyses  [S]  have  showi  that  at  temperatures  above 
the  antiferroelectric  Curie  point,  equal  to  230°C,  lead  zirconate  has  a 
perovskite  type  cubic  structure.  Svperstructural  lines  have  been  detected 
[6],  however,  indicating  that  the  true  nucleus  in  the  paraelectric  phase 
is  distorted  and  is  a  multiplet  nucleus.  According  to  x-ray  diffraction 
and  neutron  radiographic  analyses  [7,  8]  and  also  optical  analyses  i  \ 
polarized  light  [9],  rhombic  distortion  occurs  at  temperatures  below  230*C. 
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J'he  elemental  nucleus  contains  8  formular  units  of  PbZrO..  The  three- 

8  ■* 

dimensional  group  is  C,v  -  Pba2  [81. 

Lead  ions  are  displaced  by  pairs  from  positions  in  the  ideal  cubic 
lattice  in  plane  (001)  to  the  opposite  side,  approximately  diagonally  to 
the  facet  (cubic  direction  <lir>,  rhombic  axis  a).  Zirconium  ions  are 

displaced  in  the  same  manner.  There  ar-  also  srall  components  of  displace¬ 
ments  on  axis  b. 

Oxygen  ions  are  also  displaced  in  antiparallel  in  plane  (001).  Thus 
plane  (001)  is  nonpolar.  The  magnitudes  of  the  displacements  on  the  a  axis 
are:  g.26  A  for  lead  ions,  0.04eX  for  zirconium  ions;  on  the  b  axis  -- 
0.01  A  for  lead  ions  and  0.0G6  A  for  zirconium  ions. 

The  displacements  of  lead  ions  are  shown  schematically  in  Figure  17.1 
in  projection  onto  plane  (001)  [7],  verified  in  [8].  There  are  simultaneously 
uncompensated  components  of  displacements  of  oxygen  ions  on  the  c  axis, 

which  should  have  produced  spontaneous 
polarization  of  -25  yC/cm2,  assuming 
the  ion  charge  of  oxygen  to  be  two 
and  spontaneous  polarization  to  be 
equal  to  the  product  of  the  ion 
charge  and  its  displacement  from  the 
position  in  the  center  of  the 
octahedron.  The  parameters  of  the 
rhombic  elemental  nucleus  at  room 
temperature  are:  a  =  5.884  X,  b  = 

=  11.768  X,  c  =  8.220  A. 

There  is  no  notahle  displace¬ 
ment  in  plane  (001)  and  ti.e  relation 
b  =  2a  is  satisfied,  with  the  result 
that  the  structure  is  pseudotetragonal . 
The  distances  0-0  at  room  temperature 
vary  from  2.52  to  3.28  X,  The 
shortest,  distance  between  zirgonium 
ions  and  oxygen  ions  is  1.92  A. 
Kxaminntion  of  the  arrangement  of 
lead  ions  and  oxygen  ions,  between 
which  t^e  rtrtpces  ere  slsrtest. 
shows  that  two  different  configura¬ 
tions  of  shortest  distances  are 
realized  in  lead  zirconate,  and  consequently  there  are  two  possible  types 
of  system?  of  partially  horaeopolar  bonds  between  lead  and  oxygen  [8,  10). 

At  a  higher  temperature  there  is  a  phase  transition  in  pure  lead 
zirconate  near  230°  into  the  rhombohedral  ferroelectric  phase,  existing  :n 
a  narrow  temperature  range,  and  then  into  the  paraelectric  phase  [6,  11,  12). 
Here  the  transition  *co  the  ferroelectric  phase  is  accompanied  by  an  inensje 
in  the  volume  of  the  specimen,  and  into  the  paraelectric  phase,  by  a 
decrease  in  volume  (Figure  17  2a). 


Figure  17.1.  Projection  of  anti- 
ferroelectric  structure  of  PbZrO^ 

on  plane  (001)  (ac.  rding  to 
Sawaguchi  [7]).  The  arrows  indi¬ 
cate  the  direction  of  displacement 
of  lead  ions.  Each  square  corre¬ 
sponds  to  an  elemental  nucleus 
with  parameter  aQ,  containing  one 

PbZrO^  unit.  The  solid  line 

denotes  the  pro; »ction  of  a  rhombic 
elemental  nucleus. 
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Figure  17.2.  Temperature  dependence  of  thermal 
expansion  AZ/Z  (a)  and  permittivity  (b)  of 
highly  pure  PbZrO,  (according  to  Gul'po  111]). 

Dielectric  Properties  of  Weak  and  Strong  Fields 

The  temperature  dependence  of  permittivity,  measured  in  a  weak  field, 
of  pure  lead  zirconate  is  represented  in  Figure  17.2b  [11].  The  anomaly  in 
permittivity  and  relative  elongation  in  lead  zirconate  was  discovered 
independently  by  Smolenskiy  [13-15]  and  Roberts  [16].  In  the  paraelectric 

phase  the  law  e  =  e  +  Q  ■  is  obeyed,  where  C  =  l.SS*10ioK,  6  =  4S5°K  and 

en  <  50  [21].  In  specimens  in  which  there  is  no  ferroelectric  phase  [17], 

apparently  related  to  impurities,  in  particular  hafnium,  the  dependence  of 
polarization  on  the  intensity  of  a  variable  field  is  practically  linear 
with  the  exception  of  a  narrow  region  near  the  phase  transition.  The  phase 
transition  temperature  drops  os  electiic  field  strength  increases  (approxi¬ 
mately  1.5°  at  a  field  strength  of  20  kV/cm)  ,  and  the  permittivity  at 
temoeraturcs  somewhat  lower  than  the  phase  transition  temperature  increases. 
In  ,:ronger  electric  fields,  however,  thcr''  is  induced  phase  transition  into 
the  r'nombohedral  ferroelectric  phase.  The  critical  field  decreases  linearly 
with  increasing  temperature  at  a  rate  dF^/lT  =1.7  k\7cm*dcg  [17]. 

Measurements  of  the  permittivity  of  lead  zirconate  in  a  wide 
frequency  range  of  1 0 3 -4 • 1 0^ 0  [18-21]  showed  the  absence  of  dispersion  of 
e  in  the  paraelectric  and  antiferroclectric  phases  and  notable  dispersion 
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of  e  and  an  increase  of  tan  6  near  the  Curie  point  in  the  range  of  the 
ferroelectric  phase.  Dispersion  in  the  ferroelectric  phase  is  related  to 
the  presence  of  domain  boundaries,  aobile  in  an  electric  field,  which  are 
absent  in  the  antiferro-  and  paraelectric  phases  (see  Chapter  9) .  At 
higher  frequencies,  close  to  the  natural  vibration  frequencies  of  the 
crystal  lattice,  a  new  dispersion  mechanism,  common  to  polar  and  nonpolar 
phases,  goes  into  effect.  This  mechanism  of  dispersion  has  not  yet  been 
analyzed  in  antiferroelectric:..  An  increase  of  tan  6  is  noted  [21]  in 
lead  zirccnate  at  frequencies  above  1010  Hz,  apparently  related  to  the 
long-wave  mode  of  vibrations. 

Piezoelectric  Effect,  Effect  of  Pressure,  Heat  Capacity 

It  follows  from  structural  data  concerning  the  presence  of  an 
uncompensated  polarization  component  that  lead  zirconate  may  display  the 
piezoelectric  effect,  which  is  substantiated  by  Robert;'  data  for  ceramic 
specimens  [16].  A  qualitative  conclusion  has  been  reached  as  a  result  of 
analysis  of  the  temperature  dependence  of  the  elastic  properties  of  lead 
zirconate  ceramics  [221  to  the  effect  that  the  anomaly  of  elastic  properties 
fs  partially  the  result  of  an  abrupt  change  in  the  pliancy  coefficient  in 
the  presence  of  stationary  polarization  s”  and  partially  because  of  piezo¬ 
electric  activity.  It  should  be  pointed  out,  however,  that  a  firm  conclu¬ 
sion  concerning  piezoelectric  activity  of  lead  zirconate  in  the  antiferro¬ 
electric  phase  can  be  made  only  after  examination  of  little-detwinned  mono¬ 
crystals. 

The  application  of  hydrostatic  pressure  [23]  increases  the  temperature 
of  tha  phase  transition  between  the  antiferro-  and  paraelectric  phases 
dTc/dp  =  4.1°C/kbar,  which  is  in  agreement  with  thermodynamic  theory.  No 

data  were  obtained  [23]  about  an  intermediate  ferroelectric  phase.  Perhaps 
the  range  of  existence  of  this  phase  narrows  when  pressure  is  applied  and 
vanishes  altogether  as  pressure  is  increased  (we  will  recall  that  subnucleus 
volume  is  greater  in  this  phase  than  in  the  paraelectric  phase  and  much 
greater  than  in  the  antiferroelectric  phase).  At  a  pressure  of  6.4  kbar 
the  phase  transition  line  has  a  discontinuity  and  the  new  slope  is 
dTc/dp  =  l.l6C/kbar.  This  discontinuity  possibly  corresponds  to  a  new 

phase  boundary. 

Heat  capacity  measurements  [24,  25]  shewed  that  a  lament  heat  of 
transition  equal  to  440  cal/mole  [24]  corresponds  to  the  antiferroelectric 
phase  transition  (in  specimens  without  a  ferroelectric  phase). 

Optical  Properties 

The  birefringence  of  small,  strongly  detwinned  PbZrO^  crystals  was 

analyzed  in  [9] .  The  refraction  coefficient  has  a  minimal  value  on  the  a 
axis,  on  which  occur  chiefly  a.itiparallcl  displacements  of  lead  and 
■'irconium  ions.  Barium  titanate,  as  we  know,  also  has  a  minimal  refraction 
coefficient  in  the  direction  of  spontaneous  polarization.  Analysis  in 


polarized  light  revealed  the  existence  of  planes  of  twinning  of  the  type 
(hkO)  where  h,  k  jt  1-  This  is  regarded  [9]  as  experimental  proof  of  the 
nonpolarity  of  plane  (001),  since  planes  (hkO)  with  h,  k  /  3  cannot  be 
domain  boundaries  in  a  ferroelectric  due  to  the  requirement  of  zero  charge 
on  a  boundary,  which  is  generally  true  only  when  electrical  conductivity 
is  quite  low. 

It  was  shown  [9)  that  birefringence  in  PbZrOj  cannot  be  regarded 

simply  as  a  result  of  the  elastooptic  effect  with  the  assumption  of  propor¬ 
tionality  between  the  difference  of  refraction  coefficients  and  deformation 
of  the  nucleus  without  additional  contrived  theories  concerning  the 
magnitude  of  the  elastooptic  constants. 

2.  Lead  Hafnate 

Lead  hafnate,  PbHfO^,  was  first  synthesized  and  analyzed  in  [26].  At 

room  temperature  there  is  rhombic  distortion,  analogous  to  the  distortion  in 
lead  zirconate.  Comparison  of  the  positions  and  intensities  of  super- 
structural  lines  suggests  that  the  configuration  of  ion  displacements  is 
also  analogous  to  lead  zirconate.  Elemental  nucleus  parameters  at  room 
temperature,  assuming  tetragonal  symmetry,  are:  a  =  4.136  (±0.001)  A,  c/a  = 

=  0.991  (±0.001).  The  Curie-Weiss  law  with  C  =  0.95*10ScK  and  0  =  50°K, 
is  valid  in  the  paraelectric  phase.  The  Curie  point  is  around  200°C  [26, 

27] 4  and  also  there  is  a  phase  transition  at  about  1606C  between  two 
different  anti ferroelectric  phases. 

The  symmetry  of  the  intermediate  phase  is  pseudotetragonal ,  as  iy 
solid  solutions  (Pb,  Sr)ZrO^  (see  below).  At  200°C  a  =  4.134  (±0.001)  A 

and  c/a  *  0.997.  A  sharp  increase  in  volume  with  increasing  temperature 
corresponds  to  both  phase  transitions. 

The  application  of  a  stationary  biasing  electric  field  causes  a 
slight  increase  in  reverse  permittivity  and  lowering  of  the  Curie  point 
(about  2*C  in  a  field  of  JO  kV/cm) .  The  dependence  of  polarization  on 
stationary  field  intensity  is  linear  in  all  three  phases  all  the  way  up  to 
fields  of  40  kV/cm,  with  the  exception  of  a  narrow  region  near  the  Curie 
point,  where  slight  upward  turns  wore  noted  on  the  curves  P  =  f (E) . 

3.  Solid  Solutions  of  PbZrO.  and  PbHfO..  Concept  cf  Phase  Transitions  of 


Solid  solutions  of  PbZrO^  and  Pbl-'fOj  can  be  divided  into  two  groups: 

solutions  in  which  the-  domain  the  ferroelectric  rhombic  phase  expand  as 
the  concentration  of  the  second  component  is  increased,  and  solutions  in 
which  this  domain  narrows  and  even  disappears.  In  solid  solutions  of  the 
first  group,  as  a  rule,  the  second  component  has  a  higher  structural  factor 
t  (see  Chapter  2)  than  lead  zircon**’:!:.  If  the  se-ond  component  has  a  lower 
structural  factor  the  ferroelectric  phase  usually  vanisnes.  It  is  note¬ 
worthy  in  general  that  antiferroelectrics  of  the  perovskite  class  hav^  a 
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structural  factor  t  less  than  unity.  This  experimental  rule  was  formulated 
by  Zhdanov  and  V'enevtsev  [28],  The  possibility  that  this  is  related  to  the 
dependence  of  the  electron  polarization  capacity  of  oxygen  on  its  dimensions 
in  the  lattice,  as  j.s  the  case  in  simple  oxides  [29],  is  not  ruled  out.  The 
effect  of  electron  polarization  of  oxygen  on  the  electrostatic  dipole-dipole 
interaction  in  antiferroelectrics  was  studied  in  [20-73].  Internal  fields 
in  lead  zirconate,  corresponding  to  displacements  of  ions  determined  in  [8], 
were  calculated  in  [34] .  It  must  be  pointed  out  that  model  theories 
explaining  phase  transitions  between  ferro-  and  antiferroelectric  phases  do 
not  yet  exist.  In  particular,  nothing  is  known  of  the  physical  factors 
that  can  cause  the  electron  polarization  of  oxygen  to  change,  affecting  the 
relative  stability  of  the  phases. 

Schematic  diagrams  of  typical  phase  transitions  [33]  are  illustrated 
in  Figure  17.3  and  the  second  components  of  a  number  of  investigated  solid 
solutions  of  the  pero^skite  class  are  listed  in  Table  23.  References  to 
the  literature  are  also  given  there. 

Table  23.  Second  Components  of  Several  Investigated  Solid 
Solutions  of  Antiferroelectrics  of  the  Perovskite 
Class  AB03-A’B'03 


Group  I 

BaZrOjp.W.*! 

PbTiOjp. 

PbNL,g,!H.  *•] 
PbT«,Ot  M*| 
KiNbO,|h| 
PbF^T^O.M 


Group  II 


PbZrOj 


SrZrO,lt*.M.M.«l 
Cii/.rO,  |»l.  **] 
«PbSoOj»p».  **.  «J 
«CdZrO)»  |**| 
«PbC*0,»  1**1 
Bl,,  K,,ZrOj  [**J 
BI,"n£aZK),|*»| 


B»HfOjl**l 
PbTiOj  pj 


PblMO, 


s.-moj  pi 
Callto,  P’l 


NiNbO, 


K*T«0,  |«*.W.».  *3) 
CaTiO.pj 
CaNtjO,  p| 

S’4* 

S.'T'OjI  *| 


KNbO,  a.  7s,  m-r» 
LINbO,  pi 
Pb.Nb.O-P! 

CdNb,0«  |*’| 

BaNb.0*  P| 
PbZrO,p.  *•) 
SrNb,Otp.  »l| 
PbTiOj  pj 


PhM*/.wv°> 

PbTi0.p.».i*i|  I  CaM&.W,,0  p| 

PUM^Nb^p.  »>!  BaM^VV.^pj 


In  the  second  group  of  solid  i-olutions.  which  arc  forced  in  a  rather 
broad  range  of  concentrations,  a  new  anti  ferroelectric  phase  occurs  and,  in 
addition,  there  are  often  new  nonpolar  phases  [10,  22,  4S,  4b].  rhe 
temperatures  of  the  phase  transitions  between  the  nonpolar  phases  rise  as 
the  concentration  of  the  second  component  is  increased,  despite  the  reduction 


Group  I  Group  II 


Figure  17.3.  Schematic  diagrams  of  typical  phase 
transitions  in  antiferroelectrics  of  the  perovskite 
class  based  on  PbZrO,  and  PbHfO,  (a) ,  NaNbO,  (b)  and 

PbMgi/^i/,0,  (c)  (according  to  Kraynik  [35]). 

Phases:  A  —  antiferroelcctric;  C  -  ferroelectric; 

P  —  paraelectric. 

of  the  polarizability  of  the  ions.  It  should  also  be  recalled  that  the  Curie 
points  drop  in  other  ferroelectric  solid  solutions  after  such  substitution 
of  ions.  Therefore  it  can  be  assumed  that  these  transitions  are  apparently 
different  in  nature  from  ferroelectric  phase  transitions. 

Such  transitions  were  detected  in  solid  solutions  of  CaTiO,  [49-52], 

in  several  aluminates,  orthoferrites,  rare-earth  hallates  [53,  54],  NaTaO, 

[55-58],  etc.  These  transitions  are  usually  classified  as  "buckling'* 
transitions  [59-61].  The  change  in  the  temperatures  of  the  buckling  phase 
transitions  agrees  qualitatively  with  deviations  of  ion  dimensions  (in  the 
case  of  solid  solutions  the  average  dimensions  arc  used)  from  the  dimensions 
required  f.r  the  cubic  structure.  During  buckli”!  phase  transition  the 
structure  is  distorted  in  such  a  way  that  the  requirements  of  tight  packing 
of  the  ions  and  preservation  of  the  angles  of  homeopolar  bonds  are  satis¬ 
fied.  This  t\pe  apparently  also  ircludes  high- temperature  transitions  in 
NaNbO  and  its  solid  solutions  (see  below’.  Therefore  it  seems  to  us 
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natural  to  distinguish  these  transitions  from  antiferroelectric  transitions 
in  which  long-range  dipole-ilipole  interaction  apparently  plays  ar.  important 
role. 

Such  differentiation  is  easily  done  experimentally  only  if  the  free 
energy  of  the  antiferroelectric  state  is  sufficiently  close  to  the  free 
energy  of  the  ferroelectric  state,  since  in  this  case  antiferroelectrics 
manifest  strong  anomalies  in  permittivity,  field  induced  phase  transitions 
are  possible  in  the  ferroelectric  state,  etc.  In  the  case  of  buckling  phase 
transitions,  and  also  phase  transitions  into  the  antiferroelectric  state 
with  free  energy  very  different  from  the  free  energy  of  the  ferroelectric 
state,  these  phenomena  do  not  occur. 

h'e  will  now  examine  specific  cases  of  solid  solutions.  As  an  example 
of  solutions  with  a  ferroelectric  rhombohedral  phase  we  will  examine  solid 
solutions  of  PbZrOj-PbTiO,  (the  t  factor  increases  as  the  concentration  of 

the  second  component  is  increased). 

The  actual  diagrams  of  the  phase  transitions  may  have  a  form  more 
complex  than  shown  for  simplicity  in  Figure  17.3a.  Figure  17.4  represents 
the  diagram  of  phase  transitions  when  the  concentration  of  PbTiO,  is  low 

[5,  39].  Anomalies  appear  in  tho  region  of  the  phase  transitions  on  the 
curves  of  the  temperature  dependences  of  permittivity,  thermal  expansion 
and  heat  capacity  [5].  Phase  A1  (Figui  •  17.4)  is  a  rhombic  antiferro¬ 
electric  phase,  analogous  to  the  antiferroelectric  phase  of  pure  lead 
zirconate;  Cl  is  a  ferroelectric  rhombic  phase,  which  occurs  in  lead  zirco- 
nate  and  in  all  solid  solutions  of  group  I  (Figure  17.3a);  A2  is  an  anti¬ 
ferroelectric  phase,  observed  in  PbZrO-  with  certain  impurities,  the  super¬ 
structure  of  which  differs  from  that  of  rhombic  phase  A1  of  lead  zirconate, 
but  which  is  similar  to  a  new  pseudotctragonal  antiferroelectric  phase  that 
usually  occurs  in  solid  solutions  of  group  II,  and  also  in  lead  hafnate 
(Figure  l 7. 3a). 

More  recently  new  ferroelectric  phase  C2  was  found.  The  detailed 
structure  of  this  new  phase  is  not  known  at  this  time.  It  turned  out  that 
the  ferroelectric  state  occurs  at  lower  temperatures  in  solid  solutions 
of  the  system  PbZrO.-PbTiO,-"PbSnO  "-PbNb,0,  [62,  63]  and  PbHfO_-PbTiO, 

[64]  in  some  range  of  concentrations,  than  the  antiferroelectric  state 
(phase  A2).  The  application  of  a  strong  field  induces  phase  transition 
into  the  ferroelectric  state  in  a  rather  wide  range  of  temperatures  of  the 
antiferroelectric  phase.  The  application  of  pressure  to  a  specimen  in  the 
ferroelectric  state  causes  transitions  to  the  antiferroelectric  state,  which 
is  explained  by  reduction  of  the  volume  of  the  elemental  nucleus  during 
transition  from  the  ferro-  into  the  antiferroelectric  state,  characteristic 
of  solid  solutions  based  on  lead  zirconate  and  lead  hafnate. 

As  an  example  of  solid  solutions  of  group  TI  we  will  examine  solutions 
ol*  PbZrOj-SiZiOj.  These  solid  solutions  were  analyzed  in  flu,  24,  36,  45]. 


As  the  concentration  of  the  second 
component  in  these  solutions 
increases  a  new  antiferroelectric 
phase,  isostructural  phase  A2  in 
solid  solutions  PbZrO^-PbTiOj 

(Figure  17,4)  appears.  This  phase 
has  a  pseudotetragonal  structure,  to 
which  is  applicable  a  simple  model 
with  a  double  lattice  parameter  and 
ion  displacements,  alternating  in 
opposite  directions;  the  configura¬ 
tion  of  tne  ion  displacements  is  not 
k..own.  The  phase  transition  from 
one  antiferroelectric  phase  to 
another  is  accompanied  by  anomalies 
i.i  perm  '.ivity,  thermal  expansion 
and  thermal  capacity.  The  applica¬ 
tion  of  a  strong  biasing  electric 
field  increases  permittivity  and 
lowers  the  temperature  of  the  phase 
transition. 

In  addition  to  these  two  transitions,  two  other  transitions  appear  as 
the  concentration  of  SrZrO^  is  increased,  the  temperatures  of  which  rise  as 

the  concentration  of  the  second  component  is  increased  (Figure  17.3a).  The 
third  phase  transition  was  described  in  [10,  4S]  and  the  fourth  in  [10], 

These  phase  transitions  are  accompanied  by  slight  anomalies  in  the 
temperature  dependence  of  permittivity,  relative  elongation  ar.d  elasticity 
coefficients.  The  results  of  extrapolation  of  the  temperatures  of  these 
transitions  to  pure  SrZrO^  agree  satisfactorily  with  the  temperatures  of 

the  phase  transitions  in  SrZrO,,  recently  observed  in  [65]. 

The  two  high-temperature  phase  transitions  are  more  likely  related  to 
the  "buckling"  phase  transitions  than  to  antiferroelectric  phase  transitions. 
This  is  supported,  in  particular,  by  the  rise  of  temperatures  of  these 
transitions  with  increasing  SrZrO-  concentration,  despite  the  associated 

reduction  of  electron  polarizability  of  type  A  ions  after  substitution  of 

Pb*+  by  Sr  +  .  Ke  will  also  note  that  such  substitution  of  ions  in  ferro- 
electrics  of  the  perovskite  class  lowers  the  Curie  point. 

The  properties  of  solid  solutions  based  on  lead  hafnate  arc  similar 
to  those  of  solutions  based  on  lead  zirconatc,  although  they  differ  in 
details.  As  structural  factor  t  increases,  the  rhombohedral  ferroelectric 
phase  appears  (for  instance,  after  substitution  of  lead  ions  by  barium 
ions  [66],  or  after  substitution  of  hafnium  ions  by  titanium+ions  [641), 
and  when  t  decreases  (foe  instance  after  su^stitutic:!  cf  Pb  ions  by  Ca 
[27l  ov  Sr  [60]),  at  least  two  different  antiferroelectric  phases  — 
rhombic  and  pseudotetragonal,  continue  to  exist  in  a  certain  range  of 


Figure  17.4.  Diagram  of  phase  transi¬ 
tions  in  solid  solutions  PbZrO^- 

PbTiO_  with  a  low  concentration  of 
PbTiOj  (according  to  Sawaguchi  [5] 

and  Dungan,  et  al  [39]).  Phases: 

A1  —  rhombic  antiferroelectric; 

A2  --  pseudotetragonal  antiferro¬ 
electric;  Cl  and  C2  —  rhombohedral 
ferroelectric  phases;  P  —  para- 
electric  phase. 
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concentrations.  Also,  new  nonpolar  phases  appear,  the  temperatures  of  which 
rise  as  the  concentration  of  the  second  components  is  increased,  despite 
the  reduction  of  average  polarization  capacities. 

Sec*  Table  23  for  references  to  literature  or.  certain  other  investigated 
solid  solutions. 

4.  Sodium  Niobate 

The  anomalous  dielectric  properties  of  sodium  niobate  were  first 
discovered  by  Matthias  [67,  6S] .  who  classified  it  as  a  ferroelectric. 

Vousden  [69],  Shiranc,  ct  al  [70]  and  Cross  and  Nicholson  [71],  however, 
demonstrated  that  sodium  niobate  is  an  anti  ferroelectric  at  room  temperature 
and  in  the  absence  of  a  fit?ld  sodium  niobate  displays  under  these  conditions 
a  perovskite  type  structure  with  rhombic  distortion.  The  parameters  of  the 
rhombic  elemental  nucleus,  according  to  [72,  73]  are:  a  =  afl»/2  =  5.568, 

h  =  4a^  =  15.518,  c  ~  a^/T  =  5.505  X,  where  a^  is  the  parameter  of  the 

cubic  nucleus  with  the  perovskite  type  structure. 

The  elemental  nucleus  consists  of  8  foncular  units.  Hie  parameters 

of  the  nonprimitive  monoclinic  elemental  nucleus,  containing  16  units, 

often  used  for  describing  sodium  niobate,  are:  a  -  c  =  2*3.914;  b  = 

„  mm  m 

=  4*3.881  A,  8  =  90°39'  [74].  The  spatial  group  at  room  temperature, 

describing  displacements  of  Nbs+,  according  to  [72,  73],  is  D*h  -  Pbma. 

The  elemental  nucleus  consists  of  4  layers  with  a  thickness  of  a^,  located 

perpendicular  to  the  b  axis.  The  basic  component  of  the  displacements  of 

Nb^  ions  lies  on  the  a  axis  and  is  equal  to  0.15  X  [73].  All  displacements 

of  Nb^  lie  entirely  in  layers  parallel  to  (010),  i.e.,  the  displacements  of 

Nb  on  the  b  axis  are  equal  to  zero.  Here  two  layers  with  displacements  of 
one  symbol  alternate  with  two  layers  with  displacements  of  another.  The 
structure  of  NaNbO,  according  to  [72,  73 j  is  illustrated  in  Figure  17.5. 

The  application  to  a  crystal  of  an  electric  field  perpendicular  to 
the  b  axis  leads  to  the  appearance  of  a  rhombic  ferroelectric  phase  whose 
b  parameter  is  one-half  that  of  the  antiferroelcctric  phase,  and  consequently 
b  =  2a^  [75,  76].  In  certain  cases  this  phase  remains  in  ihe  metastable 

state  even  after  eliminaticn  of  the  field  [75,  76],  As  the  temperature 
increases  to  ~360°C  its  stability  increases  and  in  certain  crystals,  in  the 
absence  of  an  electric  field,  a  phase  transition  occured  into  this  phase 
[77],  The  induced  ferroelectric  phase  is  analogous  to  the  rhombic  ferro¬ 
electric  phase  occurring  in  solid  solutions  NaNb0,-KNb0_.  Spontaneous 

polarization  is  -10  uC/cm2  [76]. 

The  application  of  c  strong  fie*U  panaiiel  co  the  b  axis  3t  room 
temperature  in  fields  up  to  130  kV/cra  did  not  cause  transition  into  the 
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Figure  17.5.  Schematic  representation  of  sodium  niobate 
structure  according  to  Megaw  and  Kells  [72,  73]  in  pro¬ 
jection  on  plane  (010).  a  --  position  of  atoms  in 
perovskite  structure;  h  --  elements  of  symmetry  of 
spatial  group  Pbma.;  c  —  location  of  Nb  atoms  (displace¬ 
ments  are  exaggerated  for  clarity,  displacement  of  Nb 
on  x  is  -0.17,  and  on  z,  "0.04  A). 


Coordinate  y  of  non- 
displaced  ions  in 
fractions  of  lattice 
constant 


ferroelectric  phase,  but  when  the  temperature  was  lowered  below  -120°C  [71] 
normal  hyst  resis  loops  were  observed  in  a  strong  field.  According  to  [71  ] 
phase  transition  to  the  ferroelectric  state  in  the  absence  of  a  field 
occurs  at  --200°C.  Once  forming,  the  normal  loops  were  also  observed  at 
higher  temperatures  up  to  -50“C.  There  is  information  (Shirane’s  report 
at  the  1956  congress  of  the  American  crystallographic  society)  that  the 
structure  of  this  phase  is  monoclinic.  It  is  theorized  [65]  that  in  addi¬ 
tion  to  antiparallel  displacements  of  ions,  perpendicular  co  the  b  axis, 
parallel  components  of  displacements  on  the  b  axis  also  occur,  i.e.,  the 
phase  is  ferroelectric. 


In  ceramic  specimens  of  NaNbCL  at  temperatures  below  -S0°C  [78,  79], 


there  are  also  normal  hysteresis  loops  which,  having  formed,  last  to  0  C, 
degenerating  gradually.  A  metastable  ferroelectric  phase  is  induced  in 
ceramic  specimens  at  temperatures  above  50cC  in  a  strong  electric  field 
[80],  which  vanishes  on  heating  above  270°C.  Its  structure  was  not  investi¬ 
gated,  Spontaneous  polarization  was  -50  zC/cra2 .  Extremely  complex  twinning 


occurs  in  Na.VbO.  crystals  [75,  76]. 


The  refractioi  coefficient  of  N';.N*bC_  is  minimal  in  the  direction  of 


the  a  axis,  i.e.,  in  the  direction  of  the  basic  displacement  of  Nb  ions 
[9].  This  is  quite  analogous  to  the  results  of  optical  analysis  of  naTiCL 

and  F-oZrO. .  No  nrooortiona! itv  could  be  established  in  NaNhO_  1  etween 
o  1  o 

birefringence  and  the  corresponding  deformatien  of  the  elemental  nucleus. 
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As  temperature  changes  a  large  number  of  phase  transitions  occur  in 
NaNbOj.  These  transitions  have  been  investigated  in  a  number  of  works  [71, 

74,  77,  31-83].  At  approximately  360°C  there  is  a  phase  transition  from 
one  rhombic  phase  to  another,  close  to  tetragonal ,  with  nonpfimitive 
elemental  nucleus  2a^  *  *  2c^  [76] .  To  this  transition  corresponds 

maximum  e,  change  of  birefringence  and  latent  heat  of  transition  equal  to 
SO  cal/mole  [70].  The  application  of  a  stationary  field  increases  e, 
measured  in  a  weak  variable  field.  At  temperatures  above  this  transition 
c  obeys  the  Curie-Weiss  law.  Also,  at  430°,  according  to  x-ray  diffrac¬ 
tion  data  [77,  82],  a  transition  occurs,  apparently  into  the  tetragonal 
phase  with  nucleus  2a0  *  2bQ  *  2cQ,  at  470-480°C  into  another  tetragonal 

phase,  which  is  verified  by  a  jump  in  e  and  birefringence  [70,  71,  81],  and 
also  by  x-ray  diffraction  data  [77,  82];  at  ~520°C,  into  a  new  tetragonal 
phase  with  nucleus  aQ  *  aQ  *  cQ,  substantiated  by  x-ray  diffraction  data 

[74,  77],  and  also  by  the  presence  of  a  jump  of  e  and  birefringence  [75]; 
at  580°C  [84]  --  i.,to  another  tetragonal  phase  and,  finally,  at  650°C  -- 
into  a  cubic  phase  (verified  optically  and  by  x-ray  diffraction  data,  and 
by  the  presence  of  a  jump  of  the  temperature  coefficient  e  [70,  7],  74,  81, 
82].  Here  the  trai.s'tons  at  '•360°,  ~580°  and  640°C  are  first  order 
transitions.  The  r^ture  of  these  phase  transitions  is  discussed  below. 

5.  Solid  So l utions  3asod  on  Sodium  Niobate 

Solid  solutions  based  on  sc  .um  niobate  can  be  divided  conditionally 
into  the  following  two  groups:  a  high-temperature  ferroelectric  tetragonal 
phase  occurs  in  solutions  of  the  first  group,  and  such  a  phase  does  not 
occur  in  solutions  of  the  second  group  (Figure  17.3b  and  Table  23).  As 
already  mentioned ,  sodium  niobate  in  the  low-temperature  range  has  &  rerro- 
or  ferroelectric,  apparently  monoclinic  phase,  but  the  effect  of  substitu¬ 
tions  of  ions  on  the  temperature  range  of  its  existence  has  not  been 
investigated.  It  follows  from  experimental  data  (Table  23)  that  the  second 
components  of  most  solutions  of  the  first  group  are  <  haracterized  by  higher 
electron  polarizability  of  type  A  ions  compared  to  Na  . 

As  an  example  of  solutions  of  the  second  group  we  will  examine 
solutions  of  (Na,  K)NbO^.  These  solutions  have  been  analyzed  [70,  72,  73, 

85,  86],  A  detailed  description  of  the  monocrystals  of  these  solutions 
with  small  concentrations  of  KNbO,  is  given  in  [85].  A  diagram  of  the 

phase  transitions  according  to  [85]  is  seen  in  Figure  17.6.  A  phase 
transition  from  rhombic  antiferroelectric  phase  A*  with  h  =  4a0  into  rhombic 

ferroelectric  phase  Cl  with  b  -  2a0  cvn  be  seen  in  monocrystals .  In  region 

M  ,  with  a  KNbOj  cone jutration  less  than  0.6  mole  *,  the  application  of  an 

electric  field  perpendicular  to  tho  h  axis  causes  a  phase  transition  into 
the  rhombic  ferroelectric  phase,  hut  after  removal  of  the  field  the 
specimen  returns  to  the  antiferroelectric  state.  In  region  A1  *  Cl  these 
two  phases  coexist. 
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The  structures  of  the  ferro¬ 
electric  phase  occurring  with  the 
application  of  the  field  and  of 
rhombic  ferroelectric  phase  Cl , 
occurring  in  solid  solutions  with 
potassium  niobate,  are  identical  in 
terms  of  displacements  of  Nb5+  ions, 
but  apparently  differ  somewhat  in 
terras  of  the  positions  cf  oxygen 
ions  [73,  £7] .  Mb  ions  are  displaced 
-0.17  X  on  the  a  axis.  With  a 
further  increase  in  the  concentration 
of  potassium  niobate  tetragonal 
ferroelectric  phase  C2  appears.  To 
the  phase  transition  from  the  rhombic 
phase  to  tetragonal  correspond 
anomalies  on  the  curves  cf  the 
temperature  dependences  of  e  and  heat 
capacity  [70] .  It  can  be  concluded 
on  the  basis  of  [70,  75,  86]  that 
parameter  b  remains  up  to  30-35% 
duplicated  in  the  rhombic  ferro¬ 
electric  phase. 

As  an  example  of  solutions  of 
the  second  group  we  will  examine 
solutions  of  Na(Nb,  Ta)0_.  It  has 

been  shown  [55,  56]  that  compounds  containing  less  than  50%  sodium  tantalate 
display  antiferroelectric  properties  and  are  analogous  in  terms  of  dielectric 
properties  to  pure  sodium  niobate.  Ar.  interesting  feature  of  these  solid 
solutions  is  the  veering  of  the  phase  transition  line  from  the  rhfrobic  anti¬ 
ferroelectric  phase  to  rhombic  paraelectric  phase  (which  occurs  in  pure 
sodium  niobate  at  360V) .  This  breakaway  occurs  in  the  50-60%  sodium 
tantalate  concentration  range.  These  results  were  confirmed  [92,  93],  '-oth 
on  polycrystal1 inc  specimens  and  on  monocrystals.  The  general  form  of  the 
phase  transition  diagram  in  this  system  is  seen  in  Figure  17.3b.  fumpounds 
containing  more  than  55%  sodium  tantalate  display  ferroelectric  properties 
below  the  phase  transition  point  [55,  56,  92].  In  compounds  close  to  the 
solution  with  55  mole  %  sodium  tantalate  (region  of  breakaway  of  phase 
transition  line  to  paraelectric  phase),  the  two  phases  .oexist  in  a  certain 
rcr.ge  of  concentrations. 

References  to  certain  works  in  which  various  solid  solutions  based 
on  sodium  niobate  weie  analysed  are  given  in  Table  23.  There  is  a  great, 
similarity  between  sodium  niobate  and  silver  niobate,  the  antiferroelectric 
properties  of  whirh  were  discoverer  and  investigated  in  [96]. 

Several  high-tesperature  phase  transitions  occur  in  sodium  niobate 
it  temperatures  above  360°C,  and  also  in  silver  niobate.  These  phase 
transitions  are  usually  classifed  as  sc-call-.d  "buckling”  phase  transitions 


Figure  17.6.  Diagram  of  phase  tran¬ 
sitions  in  system  (’la,  K)Nb0^  at 

low  KNIjO^  concentration  (according 

to  Cross  [85]).  Phases:  A1  — 
rhombic  antiferroelectric;  Cl  -- 
rhombic  ferroelectric;  PJ  --  pseudo- 
tetragonal  paraelectric;  P5  -- 
cubic  paraelectric. 
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[55,  56,  88,  96}.  When  nucleus  parameters  usr  fda.se  the  temperatures  of  these 
transitions  rise  in  some  of  thp  solid  solutions  and  when  the  parameters 
increase,  the  temperatures  drop,  sc  that  phase  transition  from  the  cubic  to 
tetragonal  phase  occurs  when  the  nucleus  parameter  is  the  same  for  all 
investigated  compositions  of  various  solid  solutions,  equal  to  3.94  &  [88, 
91].  Buckling  of  the  structure  continues  into  the  temperature  range  in 
which  antiferro-  and  ferroelectric  phases  occur,  and  deformations  due  to 
ferro-  and  antiferroelectricity  resemble  buckling  deformations. 

The  superstructure  linos  in  the  rhombic  and  tetragonal  ferroelectric 
phases  of  sodium-cadmium  niobates  persist  in  the  entire  domain  of  the  solid 
solutions  [89].  The  superstructure  lines  of  solid  solutions  of  sodium-lead 
niobates  gradually  vanish  in  the  tetragonal  ferroelectric  phase  as  the 
concentration  of  lead  niobate  is  increased,  but  this  dots  not  lead  to  any 
anomalies  in  ferroelectric  properties  [S3].  In  the  ca:.e  of  NaS'bO,  and  solid 

solutions  based  on  NaNbCL,  buckling  deformations  apparently  coexist  with 

ferro-  and  antiferroelectric  deformations,  which  are  the  result  of  electro- 
striction,  and  they  can  be  separated  from  each  other.  Gnerallv  speaking, 
however,  buckling  deformations  may  have  a  considerable  effect  on  ferro-  and 
antiferroelectric  deformations,  and  such  separation  is  not  always  possible. 

6.  Lead  Magnotungstate 

Lead  magnqtungstate  (PbMg^^Wj /?0,)  was  first  synthesized  and 

analyzed  in  [97].  X-ray  diffraction  anlysis  [89],  done  both  on  polv- 
crystalline  specimens  and  on  monocrystals,  levealed  that  the  distribution 

of  Mg2+  and  W^+  ions  in  this  compound  is  ordered  in  the  octahedral  positions 
of  the  crystal  lattice  and  Mg,  K,  and  Mg  ions  alternate  on  all  three  axes 
of  the  original  cubic  lattice.  In  addition  to  superstructural  lines 
corresponding  to  the  ordering  of  Mg  3nd  W  ions,  the  x-ray  diffraction 
patterns  reveal  superstructural  lines  due  to  antiparallel  displacements  of 
ions.  It  was  found  that  the  structure  of  ?bMg. /7W  /90_  is  rhombic;  the 

parameters  of  the  elemental  nucleus  are:  a  -  22,75;  b  =  22.73;  c  =  25. 89  A. 
The  spatial  group  it  D^-f222j.  The  elemental  nucleus  contains  128 

PbMgi/^W^^O-  units.  The  elemental  nucl-us  is  depicted  schema ti  illy  in 

Figure  17.7.  There  are  no  dielectric  hysteresis  loops  up  to  break-through 
field  intensities. 


The  antiferroelectric  Curie  point  of  lead  magnotungstate  is  36*6. 

To  this  temperature  correspond  a  sharp  e  peak  and  spontaneous  reduction  of 
volume  [99]  (Figuie  17.8).  Above  the  Curie  point  the  law  e  =  eQ  +  C/(T  -  S) 

is  valid,  where  efl  =  58.  8  =  167°K,  C  =  2.7'10SoX  (97],  It  is  not  surprising 

that  there  is  no  dispersion  of  e  at  frequencies  up  to  U*’0  IL  in  ivgi-r, 
of  the  antiferroelectric  phase  transition  [20,  21,  100).  Lead  raagno- 
tungstatc  Wo ~  the  first  antiferroelectric  material  in  which  tan  5  was  found 
to  increase  with  increasing  frequency  in  the  lO10  !lz  range  [20],  The 
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increase  of  tan  6  with  frequency  continues  even  into  the  millimeter  wave¬ 
length  range  [2J.  This  is  evidence  for  the  long  wave  mode  of  lattice 
vibrations,  Measurements  of  e  in  a  variable  field  with  a  simultaneous 
application  of  a  weak  stationary  field  showed  a  slight  (up  to  2%)  increase 
in  e  [101] . 


L_ 
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Figure  17.7.  Schematic  diagram  cf  elemental  nucleus  of 
PbMg.  .,W.  nO,  (according  to  Zaslavskiy  and  Brychina 
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Figure  17.8.  Temperature  dependence 
of  permittivity  and  thermal  expan¬ 
sion  of  polvcrvstal line  PbMg,  . _W.  ,,0. 

r  -1/2  i/2  o 

(according  to  Smolenskiy,  et  al  [99]). 


Figure  17.9.  Temperature  dependence 
of  elastic  pliancy  s^  (1)  and 

logarithmic  attenuation  decrement 
6  (2)  of  poiycrvstalline 
PbMgjpKj^O,  (according  to 

Shuvalov  and  Minayeva  [104]). 


An  anomalous  hoat  capacity  corresponds  to  the  antifcrroelsctric 
transition.  The  latent  heat  of  transition  is  276  cal/mole  [102],  The  Curie 
point  drops  with  the  application  of  hydrostatic  pressure  [103].  dT^/dp  = 

=  -S. 92* 1Q~3  deg/atm  up  to  2,000  atm,  and  saturation  tends  to  occur  with 
a  further  increase  of  pressure.  Blurring  of  the  phase  transition  is  noted 
with  increasing  pressure  [103]  Near  the  antif m-oelectric  Curie  point 
Mechanical  peak  and  the  iiiancv  coefficients  display  an  anomaly 

[104,  1 05}  (Figure  17.9).  Internal  friction  is  grescci  in  the 
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antiferroelectric  phase  than  in  the  paraelectric  phase,  obviously  due  to 
iosses  on  twinned  boundaries. 


7.  Solid  .Solutions  Based  on  Lead  Magnotungstate 

These  solid  solutions  can  also  be  divided  conditionally  into  two 
groups  (Figure  17.3c  and  Table  23).  A  ferroelectric  phase  occurs  in  solid 
solutions  of  lead  magnotungstate  with  lead  titanate  and  lead  magnoniobate 
[99,  100] .  When  lead  ions  are  substituted  by  Ca^*  and  Ba“+  ions,  no  ferro¬ 
electric  phases  occur  in  lead  magnotungstate.  The  phase  transitions  in 
these  solutions  are  illustrated  schematically  in  Figure  17.3c  [99]. 

The  temperature  of  the  transition  to  the  paraelectric  phase  in  solid 
solutions  with  lead  titanate  and  lead  magnoniobate,  depending  on  the 
concentration  of  the  solutions,  passes  through  a  minimum,  which  cannot  be 
explained  on  the  basis  of  the  assumption  of  statistical  distribution  of 
ions  in  the  octahedral  positions.  An  interesting  feature  of  many  of  these 
solutions  is  the  appearance  of  a  ferroelectric  phase  at  temperatures  lower 
than  the  antiferroelectric  point.  Double  hysteresis  loops  appear  in  a 
certain  temperature  range,  corresponding  to  phase  transition  from  the  anti¬ 
ferroelectric  to  the  ferroelectric  phase,  and  the  critical  field  increases 
here  with  increasing  temperature.  At  lower  temperatures  normal  hysteresis 
loops  are  observed.  The  coercive  field  of  these  loops  is  weaker  than  the 
field  in  which  they  begin  tc  appear,  apparently  evidence  of  the  meta- 
stability  of  the  ferroelectric  phase  in  the  absence  of  a  field  in  the 
investigated  temperature  interval.  The  antiferroelectric  Curi-;  point  drops 
as  the  strength  of  the  stationary  field  increases.  This  is  characteristic 
of  antiferroelectric  phase  transitions  with  rather  close  free  energies  of 
the  ferro-  and  antiferroelectric  states  (no  such  reduction  in  the  fields 
applied  could  be  detected  in  pure  lead  magnotungstate). 

The  Curie  point  drops  in  solid  solutions  of  lead  magnotungstate 
w'.th  barium  and  calcium  magnotungstate  as  the  concentration  of  the  second 
cemponerte  is  increased  to  20  and  5%,  respectively  [99].  These  concentra¬ 
tions  presumably  correspond  to  the  limits  of  solubility.  The  dependence 
of  polarization  on  field  strength  is  linear  in  the  -196  to  +60°C  temperature 
range,  all  the  wav  up  to  break-through  fields. 

Yet  another  anomaly  is  found  in  solid  solutions  with  calcium  magr.o- 
tungstate,  in  addition  to  anomalies  of  c  and  thermal  expansion,  which 
correspond  to  the  Curie  point.  The  anomaly  in  question  apparently  corre¬ 
sponds  to  a  phase  transition  to  a  new  antiferroelectric  phase. 

8.  PbCo.  ,_W, /o0, 

_ 1/2  i'2  3 

The  compound  PbCOj^2wi/2°3  *as  ^rst  synthesized  in  [106].  The  phase- 

transition  was  found  (107,  103],  accompanied  by  an  anomaly  of  c  at  20®C, 
and  it  was  suggested  that  it  is  a  ferre-  or  antiferroelectric  phase  transi¬ 
tion.  Monocrystals  were  grown  [109-111]  and  x-ray  diffraction  analysis 
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and  analysis  of  the  dielectric  and  magnetic  properties  were  conducted  up  to 
helium  temperatures,  indicating  that  PbCo^W^Oj  is  antiferroelectric  and 

antiferromagnetic.  The  distribution  of  Co++  and  nJ+  cations  in  this 

compound  is  ordered.  At  26°C  symmetry  isepseudomonoclinic  with  subnucleus 

parameters  a  *  c  =  4.009  A,  b  =  3.988  A  and  8  =  90°10*.  At  50°C 
r  mm  ia 

symmetry  is  cubic.  The  antiferroelectric  Curie  point  is  +32°C  according 
to  dielectric  measurements.  The  application  of  a  stationary  field  dis¬ 
places  the  Curie  point  toward  lower  temperatures. 

According  to  Isupov's  dilatometric  data,  transition  from  the  para- 
to  antiferroelectric  state  is  accompanied  by  a  reduction  of  volume,  in 
contrast  to  the  case  of  lead  riagnotungstate,  in  which  volume  increases. 

The  sign  of  volume  change-  contradicts  other  data  [112).  Furthermore, 
according  to  I.rapov,  around  -20°C  there  is  a  phase  transition,  apparently 
between  different  antiferroelectric  phases,  accompanied  by  an  increase  in 
volume  with  falling  temperature  and  also  by  a  bend  on  the  e  curve.  Further, 
according  to  Bokov's  data  [110],  at  -205°C  a  phase  transition  occurs  from 
the  antiferro-  to  ferroelectric  state,  accompanied  by  a  discontinuity  on 
the  e  curve  and  by  a  tan  5  peak.  At  temperatures  below  -lOO^C  in  fields 
of  150  kV/cm*1  double  hysteresis  loops  are  seen,  and  here  the  critical  field 
decreases  as  temperature  falls.  At  temperatures  below  that  of  liquid 
nitrogen  there  .are  normal  hysteresis  loops  with  a  coercive  force  weaker  than 
the  break-through  field  in  which  the  loops  appear. 

Thus,  the  properties  of  this  compound  are  very  similar  to  those  of 
solid  solutions  of  lead  magnotungstate  with  lead  titanate  and  lead  magno- 
niobate  [99],  and  the  antiferroelectric  phase  occurring  below  -20°C  and 
the  antiferroelectric  phase  in  lead  magnotungstate  and  its  solutions  can 
be  assumed  identical ,  and  their  ferroelectric  phases  can  also  be  assumed 
identical.  At  -264,>C  a  transition  occurs  to  the  anti ferromagnetic  state 
[111). 

9.  PbCd1/2W1/203 

The  compound  PbCd^2Kj/2°5  was  ^rst  synthesized  in  [113],  where  it 

was  also  assumed  that  it  is  a  ferro-  or  ant; ferroelectric  material.  In 
this  compound,  as  in  other  analogous  tungstates,  there  is  ordering  of  ions 
occupying  the  octahedral  positions  in  the  lattice.  At  room  temperature 
the  structure  is  pseudomonoclinic,  and  in  the  400°C  region  there  is  a  phase 
transition  to  the  cubic  phase,  accompanied  by  an  increase  in  the  volume 
of  the  nucleus  [114,  115). 

No  dielectric  hysteresis  loops  are  seen  at  temperatures  of  -190  tc 
♦160°C  [116].  The  temperature  dependence  of  e  is  characterized  by  a  jump 
around  110-420I'C  and  a  level  maximum  at  100-250°C  [115,  317].  The 
temperature  dependence  of  c  in  a  wide  frequency  range  is  illustrated  in 
Figure  17.10.  On  the  basis  of  high-frequency  measurements  of  e  it  may  be 
concluded  that  the  phase  transition  at  420°C  is  a  transition  to  a  polarized, 
possibly  antiferroelectric  state.  At  temperatures  below  420°C  several 
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phase  transitions  apparently  occur 
[116] .  There  is  considerable  dis¬ 
persion  of  t  and  high  value  of 
tan  6  at  high  temperatures  in  this 
temperature  region,  related  1117] 
to  the  fact  that  these  transitions 
possibly  lead  to  the  appearance  of 
ferroelectric  phases. 

10.  Antiferroelectric  Materials 
Containing  Rare-Earth  Ions 
in  Octahedral  Positions 

The  first  of  the  antiferro- 

electrics  with  the  formula 

.  I1*1  „S+  .  .  .  „3+ 

A  wbere  B  15  a 

rare-earth  ion,  to  be  discovered  was 
PbYb^ 2*^1/ 2^3  [118].  Antiferro- 

electrics  PhYb^Ta^Oj,  pbLui/2Nbi/2°3 
and  Pbl-u^Ta^O^  were  also  synthesized  and  analyzed  [119].  PbHOj^Nb^Q. 
anu  PbIn^2Nbj^20_  were  first  synthesized  in  [120].  These  compounds  have 
a  monoclinic  structure  at  room  temperature  [112,  121]. 

At  the  antiferroelectric  Curie  points  there  are  sharp  e  peaks  < 

<  300).  Transition  to  the  antiferroelectric  state  is  accompanied  by  a 
reduction  of  volume.  Also,  compounds  containing  Yb  have  low-temperature 
transitions  [112,  119]. 

X-ray  diffraction  r.nlysis  of  PbYb^,Nbj^70,  [112]  m  the  antiferro- 

and  paraelectric  regions  revealed  superstructure  lines  due  to  ordering  of 
niobium  ytterbium  ions.  Firthermore,  due  to  antiparallel  displacements  of 
ions  there  is  superstructure  in  the  antiferroelectric  region,  which  vanishes 
in  the  paraelectric  phase. 

Presented  below  are  data  on  the  Curie  points  of  antiferroelectrics  of 
the  perovskite  tvpe,  containing  rare-earth  ions  in  the  octahedral  positions 
[119]: 


Compound  t.*c 

rbTh.jNh.Oj . aw 

PbTh.ThjOj . at. 

Pbt^.Nh.O, .  ro 

«»  't  ' 


t 


Figure  17.10.  Temperature  dependence 
of  e  of  poiycrystalline  PbCd^Wj^O^ 

on  various  frequencies  (Poplavko, 
et  al  [ i  17] ) .  1  —  at  frequency 

1 .05* 10s;  2  --  at  3 . 7- 106 ;  3  -- 
1.35- 108;  4  --  3- 10s ;  5  —  1.9*109; 

6  —  3.7*10l 0  Hz. 


11.  BiFeOj 


This  compound,  in  which  electric  and  magnetic  ordering  are  combined, 
is  discussed  in  Chapter  18.  We  will  point  out  here  that  the  nature  of  the 
electric  ordering  in  this  compound  is  not  conclusively  established.  The 
small  e  at  the  Curie  point  Tc  =  850°C  [122]  indicates  that  a  phase  transi¬ 
tion  occurs  from  the  paraelectric  phase  to  the  antiferroelectric  phase. 
Along  wirh  the  phase  transition  to  the  paraelectric  phase,  BiFeOj  has 

several  phase  transitions  in  the  range  of  electric  ordering  [122-125]. 

Some  of  these  are  possibly  transition*  between  antiferroelectric  and  ferro¬ 
electric  phases,  and  some  may  be  so-called  isomorphic  phase  transitions 
that,  cake  place  without  alteration  of  the  spatial  group. 

The  superstructure  lines  seen  in  neutron  radiography  analyses 
[126-128]  are  evidence  for  a  multiplet  elemental  nucleus.  Electron 
diffraction  [129]  and  x-ray  diffraction  [130]  analyses,  however,  did  not 
reveal  any  superstructure.  It  can  be  concluded,  apparently,  that,  anti¬ 
parallel  displacements  of  cations  occu:  at  the  investigated  temperatures, 
and  the  superstructures  related  to  antiparallel  displacements  of  oxygen, 

since  displacement  of  such  heavy  ions  as  Bi^+  and  Fe^*  would  have  been 
detected.  The  positions  of  the  cations,  according  to  [129,  130]  are  quite 
different. 


The  spatial  group  of  BiFeO.,  with  consideration  of  the  multiplicity 

of  the  nucleus,  has  not  yet  been  determined.  The  absence  of  antiparallel 
displacements  of  cations,  along  with  an  indication  of  the  generation  of  the 
second  harmonic  on  BiFeO^  powder  [128]  indicate  that  BiFeO^  is  polar  at 

room  temperature,  which  excludes  antiferroc lectricity  at  higher  temperatui es . 


Investigation  of  solid  solutions  based  on  BiFeCL  indicate  the  close¬ 
ness  of  the  free  energies  of  the  ferro-  and  antiferroelectric  phases.  In 
many  solid  solutions  e  increases  with  increasing  structural  factor  t  and 
the  ferroelectric  state  occurs  (for  instance  in  solid  solutions  BiFeO. 

with  PbFe1/9Sb1/703  [123],  PbTiO.  [131,  128],  BaFOj  ^Nb^O.  [152]),  and 

when  structural  factor  t  decreases,  the  antiferroelectric  state  becomes 
more  stable  (for  instance  in  solid  solutions  with  LaFeO^  t 1 32 ,  133]). 
Different  conclusions  are  reached  in  [132,  133]  concerning  the  nature  of 
the  rhombohedral  region  of  the  solid  solutions. 


S2.  Other  Pi splacement  Type  Antiferroelectric  Compounds 
1 .  Tungsten  Trioxide 

The  anomalous  dielectric  properties  of  WO.  were  first  discovered  in 
[134]  and  [135].  Hysteresis  loops  and  high  permittivity  were  found  in  these 
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works,  with  the  result  that  WO^  was  classifed  as  a  ferroelectric. 


Subsequent 


works,  however,  showed  that  antiferroelectricity  may  exist  in  certain  phases 
of  W03. 


The  structure  of  WO^  is  a  deformed  ReO^  type  structure,  which  can 

be  derived  from  the  perovskite  structure  by  removing  a  type  A  angle  icn. 

It  is  constructed  of  octahedrons,  connected  to  each  other  at  the  vertices 
ana  forming  a  three-dimensional  structure.  The  structure  of  WO,  was  investi- 

gated  at  room  temperature  in  [136-139].  The  spatial  group  is  C,,^  -  V2Jn. 

The  structure  is  monoclinic.  The  elemental  nucleus  has  8  units.  The  con¬ 
figuration  of  ion  displacements  concurs  with  the  results  of  [136],  but 
contradicts  the  results  of  [138].  According  to  [139]  tungsten  ions  are 
displaced  in  antiparallel  from  the  centers  of  the  octahedrons  in  such  a 
way  that  the  crystal  is  nonpolar  on  all  three  axes.  It  is  concluded  that 
if  the  structure  is  antiferroelectric,  polarization  lies  basically  in  plane 
ab.  The  lattice  parameters  at  +30°C  are:  a  =  7.30,  b  =  7,53,  c  *  7,68  X, 

B  =  90°S4*  [139]. 

When  KOj  is  cooled  from  room  temperature  to  about  17°C  a  phase 

transition  occurs  from  monoclinic  to  triclinic  crystalline  phase  [140,  141]. 
With  further  cooling  in  the  -50  to  -40°C  range  there  is  a  phase  transition 
to  a  new  phase  (during  heating  this  transition  occurs  at  -20°C).  It  was 
previously  assumed  that  its  structure  is  trigonal  [142,  142],  but  it  is 
confirmed  in  [141]  to  be  monoclinic.  According  to  [144],  permittivity 
drops  sharply  during  the  first  cooling  in  the  -40  to  50°C  range,  but  after 
repeated  heating  and  cooling  the  temperature  dependence  levels  off.  There 
are  data  on  the  observation  of  dielectric  hysteresis  loops  and  concerning 
the  motion  of  domain  boundaries  under  the  influence  of  an  electric  field 
[134,  143,  145],  which  suggests  the  properties  in  this  phase  to  be  ferro¬ 
electric. 

As  the  temperature  increases  above  room  temperature  a  phase 
transition  occurs  at  330°C  from  moncclinic  to  rhombic  [146-148].  The 
positions  of  the  ions  in  this  phase  presumably  do  not  differ  much  from 
the  positions  of  the  ions  in  the  monoclinic  phase,  achieved  at  room 
temperature . 

At  740°C  a  phase  transition  takes  place  to  the  tetragonal  phase 
[147,  149].  It  was  shown  [149]  that  a  simple  antiparallel  configuration  of 
ion  displacements  on  the  c  axis  exists  in  this  phase,  corresponding  to  the 
Kittel  antiferroelectric  structure.  Chains  of  ions,  displaced  in  the 
positive  direction  on  the  c  axis,  Alternate  with  chains  of  ions  displaced 
in  the  negative  direction  on  the  c  axis.  The  elemental  nucleus  contains 
two  W03  units  and  has  dimensions  a  =  ao’/^»  c  =  ao’  wJ,ere  aq  *s  cu0*c 

lattice  constant.  At  910°C  a  phase  transition  occurs,  apparently  to 
another  tetragonal  phase  [142,  14-1,  ISO],  At  1,230°C  there  is  a  phase 
transition  to  a  new,  apparently  also  tetragonal  phase  [142,  144].  It  is 


-  506  - 


not  possible  at  this  time  to  make  a  firm  conclusion  about  the  nature  of  the 
various  phases  of  WCL,  due  tc  the  high  conductivity,  which  interferes  with 

reliable  dielectric  measurements,  even  at  low  temperatures. 

2 .  Lead  Orthovanadate 


The  dielectric  properties  of  poly-  and  monocrystals  of  lead  ortho¬ 
vanadate  (PbjV^Og)  were  studied  in  [151].  It  was  found  that  near  100°C 

a  phase  transition  occurs,  accompanied  by  anomalous  permittivity  (Figure 
17.11)  and  tnermal  expansion,  and  also  by  the  disappearance  of  twinning 
structure  on  heating.  No  hysteresis  loops  were  observed.  It  may  be 
assumed  that  the  phase  transition  observed  is  antiferroelectric  [151], 

O 

Lead  orthovanadate  has  a  rhombic  structure  [152]  with  a^.  =  7.65  A, 
oe  =  46°02',  has  one  unit  in  its  elementary  nucleus  and  belongs  to  spatial 
group  n,(j-R3m.  The  crystalline  sttucture  of  lead  orthovanadate  is  illus¬ 
trated  in  Figure  17.12.  Its  lattice  is  constructed  of  isolated  VO^ 

tetrahedrons,  surrounded  by  lead  ions.  The  phase  transition  at  100°C  is 
accompanied  on  heating  by  sharp  compression  on  the  c  axis  and  relatively 
little  expansion  in  the  direction  perpendicular  to  c,  so  that  the  volume 
here  shrinks. 

In  addition  to  the  phase  transition  at  100°C  there  is  3  phase  transi 
tion  near  03C,  accompanied  by  anomalous  e  and  an  increase  in  volume  on 
heating. 

3.  Lead  Silicate  (Pb^Si06) 


A  reversible  phase  transition  takes  place  at  155°C  in  lead  silicate, 
Pb^SiO^.,  which  apparently  corresponds  to  contraction  during  heating  [153, 

154].  It  was  shown  [155]  that  this  transition  is  accompanied  by  a  sharp 
anomaly  in  permittivity.  The  peak  value  of  e  is  a  low  <40.  No  hysteresis 
loops  were  obse-*'ved.  On  the  basis  of  these  data  this  phase  transition  is 
assumed  to  be  of  antifcrroelectric  character  [155]. 

§5.  Antiferroelectric  Compounds  with  Order-Disorder  Type  Phase  Transition 

The  properties  of  long  known  antiferroclectrics  with  the  order- 
disorder  transition  of  the  group  NH^H7P0J(ADP)  and  periodates  (XHj)7H_I0(. . 

etc.)  is  given  in  [156] .  Therefore  we  will  simply  point  out  here  that  new 
data  were  found  recently  concerning  the  ordering  of  protons  in  the  hydrogen 
bonds  during  transition  to  the  antiferroelectric  state  in  ADP.  According 
to  nuclear  magnetic  resonance  ..nalyses  [157,  158],  the  sharp  increase  in 
time  between  skips  of  deuterons  along  the  bond  0-D...0  in  deutcrat ed  ADP 
corresponds  to  transition  to  the  antiferroelectric  state.  It  is  thought 
that  the  hydrogen  bond,  which  play  an  active  part  in  spontaneous 
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Figure  17.11.  Temperature  dependence 
of  permittivity  of  Pb_V?Og  (Isupov, 

et  al  [151]):  1,  2  —  different  poly¬ 
crystalline  specimens,  frequencies 
500  kHz  ar.d  58  MHz,  respectively; 

5  --  monocrystal ,  frequency  500 
kHz,  field  parallel  to  c  axis 
(perpendicular  to  planes  of 
cleavage) . 


Figure  17.12.  Crystalline  structure 
of  lead  orthovanadate:  a  —  rhombo- 
hedral  elementary  nucleus  Ph_V  0 

.*>  Z  O 

(Bachman  [152]);  b  --  projection 
onto  plane  perpendicular  to-'<100>; 
c  --  background  of  lead  ions. 


polarization,  induce  dipole  moments  in  groups  PO^,  I06>  among  others,  ana 
their  ordering  leads  also  to  ordering  of  the  dipole  moments  cf  these  groups. 

We  will  proceed  now  to  description  cf  the  properties  of  comparatively 
recently  discovered  order-disorder  type  antiferroelectrics. 

1.  Cesium  Trihydroselenite 


A  report  appeared  in  [159]  concerning  the  discovery  of  antiferro- 
electricity  in  CsH_(SeO_)n.  More  detailed  data  are  found  m  [160].  The 

Curie  point  of  this  antiferroelectric  is  145°K,  the  paraelectric  and  ar*i- 
ferroelec4 vie  phases  have  triclinic  symmetry  and  belong  to  the  same  spatial 
group  C!-P1.  In  the  antiferroelectric  phase  there  is  ?  superstructure  on 

the  c  axis,  so  that  c  -  2c 

ant:  para 

Careful  investigations  of  the  pyrocffect  did  not  detect  spontaneous 
polarization.  There  is  no  piezoelectric  effect.  Near  the  Curie  point  were 
found  double  hysteresis  loops,  each  loop  with  extremely  narrow,  possible 
zero  "width."  These  loops  apparently  correspond  to  induced  phase  transi¬ 
tion  between  the  antiferro-  and  paraelectric  phases  (although  it  still 
cannot  be  ruled  out  that  this  transition  is  between  the  antiferro-  and 
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ferroelectric  phases) .  The  critical  field  diminishes  with  increasing 

temperature  and  vanishes  at  the  Curie  point.  Permittivity,  perpendicular 

to  plane  (100),  peaks  at  the  Curie  point.  There  is  also  a  peak  in  direction 

[010).  No  anomaly  was  found  in  e  in  direction  [001].  0  =  65°K,  C  = 

=  1.4*103oK.  In  the  presence  of  a  stationary  field  the  Curie  point  drops 

(to  -2.8°C  for  32  kV/cm) ,  e  first  increases  and  then  begins  to  fall  as 

max 

the  critical  field  is  reached.  Below  the  Curie  point  there  are  no  domains 
and  it  is  concluded  that  the  crystal  remains  single-domain,  which  agrees 
with  triclinic  symmetry.  There  is  a  slight  change  in  birefringence  at  the 
Curie  point.  It  can  be  concluded  that  the  antiparallel  dipole  moments  are 
near  the  plane  perpendicular  to  the  c  axis.  The  anomalous  heat  capacity 
at  the  Curie  point  corresponds  to  SQ  =  116  cal/mole.  The  entropy  change 
is  SS  =  0.81  cal/mole*deg.  On  the  basis  of  data  [160,  161],  the  phase 
transition  should  be  classified  as  the  order-disorder  type. 

2.  Copper  Forminate  Tetrahydrate 

A  dielectric  anomaly  in  copper  forminate  tetrahydrate  (CufHCOO)^!^) 

is  reported  in  [162,  165).  On  the  basis  of  the  investigation  of  dielectric 
properties  in  [163]  it  is  concluded  that  this  compound  is  an  antiferro- 
electric  with  the  Curie  point  -39eC.  Also,  at  17°K  a  transition  occurs  to 
the  antiferromagnetic  state  [164]. 

The  crystalline  structure  is  determined  [165,  166]  through  neutron 
radiography.  At  room  temperature  the  crystal  is  monoclinic,  and  the  spatial 

group  is  C2j1-P2j/a.  Thi  elemental  nucleus  contains  two  units,  and  some  of 

the  hydrogen  atoms  are  cisordered.  The  crystal  consists  of  alternating 
layers,  formed  by  water  aolecules  and  copper  formj.r.i  e  groups.  The  layers 
are  parallel  to  planes  ((01).  There  is  superstructure  in  the  antiferro- 
clectric  phase,  corresponding  to  the  doubling  of  parameter  c  with  the 
elemental  nucleus  [167]. 


jfiiW'T, 


-1 SO  -150  -100  -SO  0  )0T,*C 


Figure  17.13.  Temperature  dependence 
of  permittivity  of  copper  forminate 
tetrahydrate  in  directions  perpen¬ 
dicular  to  planes  (010)- (030)  e 
and  (100) -(100)  e  (according  to 
Okada  [198]). 


The  permittivity  in  the 
direction  perpendicular  to  the  plane 
(010)  displays  at  -39°C  a  sharp  peak 


(Figure  17.13),  e 


1 . 500  and  the 


Curie-Weiss  constant  is  3. 2*10  C 
[163].  At  temperatures  somewhat 
below  the  Curie  point  are  double 
hysteresis  loops.  An  external 
field  occurs  at  the  transition 
point  [163].  Deuteration  increases 
the  Curie  point  to  -27°C.  There  is 
a  A-form  heat  capacity  anomaly  at  the 
Curie  point.  The  entropy  change  at 
the  transition  is  0.78  cal/mole*deg 
in  tetrahydrate  and  0.90  cal/mole*dcg 
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in  deuterated  tetrahydrate  [168].  The  first  order  antiferroelectric  phase 
transition  is  of  the  order-disorder  type  and  is  related  to  ordering  of 
hydrogen  ions  in  the  layers  of  water  molecules. 


3.  Ammonium  Halides 


The  opinion  was  offered  in  [169]  that  the  tetragonal  phase  (phase  III) 

of  the  ammonium  halides  NH.I  and  NH.Br,  with  the  CsCl  structure,  is  anti- 

4  4 

ferroelectric.  Antiparallel  displacements  of  the  ions  I”  and  Br’  are 
detected  in  this  phase,  resulting  in  the  appearance  of  superstructure  lines 
on  x-ray  diffraction  patterns  [170,  171].  At  235°K  in  Nll^Br  and  231 °K  in 

NNjI  a  phase  transition  occurs  to  phase  II,  which  is  cubic.  The  elemental 

nucleus  of  the  tetragonal  phase  has  the  parameters  a'  =  a/2  and  c‘  =  a, 
where  a  is  the  parameter  of  the  initial  cubic  nucleus,  and  contains  two 
units  [170-172].  The  spatial  group  of  phase  III  is  Dj^-Pd/nmm.  Diagrams 

of  the  phase  transitions  in  these  compounds  are  presented  in  [173]  as 
functions  of  temperature  and  pressure.  When  pressure  is  applied,  the 
temperature  of  the  phase  transition  between  phases  III  and  III  drops. 
Deuteration  also  lowers  the  temperature  of  this  transition. 

Many  attempts  have  been  made  at  dielectric  measurements  of  ammonium 
halides  [174,  17S],  but  the  results  of  the  various  researchers  differ  with 
respect  to  both  permittivity  and  the  temperatures  of  dielectric  anomalies 
related  to  phase  transitions. 

The  nuclear  magnetic  resonance  ( NMR ')  of  protons  in  ammoni  i  halides 
was  investigated  in  [176,  177]  as  a  function  of  temperature.  The  NMR  of 
the  halogen  ions  was  investigated  in  [ 1 78 j .  A  small  abrupt  cnange  in  the 
second  moment  of  the  proton  resonance  line  was  observed  [177]  in  the  region 
of  the  phase  transition  between  phases  II  and  III  in  ammonium  bromide.  It 
was  shown  [178]  that  quadrupole  expansion  of  the  nuclear  resonance  line  of 
Br81  occurs  in  phase  III  of  ammonium  bromide,  and  the  magnitude  of  this 
expansion  characterizes  to  some  degree  the  ordering  of  the  crystal. 

Nagamiya  [179]  proposed  a  theory  of  phase  transitions  in  ammonium  halides, 
in  which  the  effect  of  polarization  of  halogen  ions  and  the  interaction  of 
octupol  moments  of  ammonium  tetrahedra  are  taken  into  account. 

4.  Rubidium  Nitrate 


On  ’’lie  basis  of  investigation  of  the  dielectric  properties  of  rubidium 
nitrate  (iibNO^)  it  is  thcorizc-d  in  [180,  181]  that  this  crystal  is  anti¬ 
ferroelectric.  According  to  differential  thermal  analysis  [182]  there  are 
four  stable  forms  in  rubidium  nitrate  between  room  temperature  and  the 
melting  point,  the  temperatures  of  the  phase  transitions  between  i.hich  arc: 

...  «ec  J»*c  ,,  r»i*c 

lu  *  '  *•  Two  anomalies  in  c  were  found  [ISO,  181],  corre¬ 

sponding  to  phase  transitions  between  phases  IV  and  III  and  between  phases 
III  and  II.  The  application  of  a  field  expands  the  region  of  phase  III 
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and  increases  somewhat  e  in  phases  IV  and  II;  also,  double  hysteresis  loops 
were  observed  in  phase  IV,  on  the  basis  of  which  it  is 'assumed  [180]  that 
phase  II  is  antiferroelectric,  and  in  [181]  phase  IV  as  well.  The  structures 
of  the  phases  are  described  in  [183-185], 

5.  Potassium  Nitrate 


A  theory  is  advanced  [186]  that  the  phase  of  potassium  nitrate  (KNO,) 

existing  at  room  temperature  (usually  called  phase  II)  is  antiferroelectric. 
rt:-  structure  is  rhombic,  of  the  aragonite  type,  the  spatial  group  is 

^Sh^nma  ant*  t*ie  ant^Pc^r  direction  is  axis  b.  On  heating,  phase  II 

changes  at  130°C  to  phase  I,  having  the  calcite  type  structure  with  spatial 

group  D^j-R3c.  On  cooling,  an  intermediate  phase  III  forms,  possessing 

ferroelectric  properties.  Its  structure  is  similar  to  that  of  phase  I, 

the  spatial  group  is  C,v-R3m  and  its  range  of  existence  is  ~30-20°C  [186- 

188].  It  is  shown  [188]  that  a  stationary  field  lowers  the  temperature  of 
transition  between  phases  II  and  I.  Also,  double  hysteresis  loops  were 
observed  in  phase  II.  These  data  support  the  assumption  of  the  antiferro¬ 
electric  nature  of  phase  IT. 


There  are  data  concerning  the  formation  of  a  sinusoidal  antiferro¬ 
electric  phase  in  sodium  nitrate  between  the  ferroelectric  and  paraelectric 
phases  [189,  190].  This  phase  is  characterised  by  the  appearance  of  a 
superstructure  on  axis  a  [189],  corresponding  to  an  eight-fold  increase  of 
period  afi  on  this  axis  [190].  A  model  of  the  new  phase  is  proposed  [190], 

which  satisfactorily  explains  the  x-ray  diffraction  data.  This  model 
incorporates  sinusoidal  modulation  of  the  ordering  parameter  in  each  layer, 
with  a  thickness  equal  to  the  parameter  aft.  In  other  words,  this  model  has 

sinusoidal  modulation  of  the  summary  dipole  moment  of  each  layer  (Figure 

17.14).  (We  will  recall  that  the  ordering  parameter  is  S  =  ^ -  ^  ,  where 

N  is  the  number  of  elemental  nuclei  per  unit  of  volume,  N  is  the  number 
of  nuclei  with  positive  polarity  and  N  is  the  number  of  nuclei  with  nega¬ 
tive  polarity).  The  sinusoidal  antiferroelectric  pnase  exists  in  about  a 
1°C  temperature  range  (--■►163  to  *-*164°C).  Anomalies  in  the  temperature 
dependence  of  the  lattice  constants  [J91],  permittivity  [192]  and  heat 
capacity  [193]  correspond  to  the  phase  transitions  between  the  ferro-  and 
antiferroelectric  phases  (temperature  Tf  )  and  between  the  antiferro-  and 

i  n 

paraelectric  phases  (temperature  T  ) . 

ap 
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Figure  17.14.  Schematic  diagram  of  sinusoidal 
modulation  of  summary  dipole  moments  in  anti- 
ferroelectric  phase  of  NaNO^  (according  to 

Yatcada  [190)).  The  arrows  show  the  magnitude 
and  direction  of  dipole  moments  of  layers 
with  thickness  corresponding  to  parameter 
of  ferroelectric  phase. 


electromechanical  measures  indicated  the  absence  of  the  piezoelectric 
effect  in  the  sinusoidal  phase  [194],  Studies  of  the  quadrupolc  splitting 
of  NMR  lines  on  Na23  in  the  temperature  range  corresponding  to  the  sinusoidal 
phase  [195]  revealed  additional  separation  indicating  the  coexistence  of  two 
different  gradients.  How  this  result  correlates  with  the  eight-fold 
increase  in  the  nucleus  of  this  phase  and  presence  of  a  certain  relationship 
between  the  parameter  S  and  quadrupolc  splitting,  also  observed  in  [195]  in 
the  ferroelectric  phase,  remains  unclear.  The  application  of  hydiostatic 
pressure  increases  both  aid  T  ,  and  here  the  range  of  existence  of 

the  sinusoidal  phase  expands  from  'l'C  at  1  bar  to  -8e  at  10  kbar  [196]. 


The  number  of  antiferroelectrics,  beyond  the  compounds  which  we 
nave  examined,  is  obviously  unlimited.  Several  phases  have  been  found  in 
thiourea  [197-201],  in  which  the  ordering  of  the  dipole  moments  of 

thiourea  molecules  differs c  Some  of  these  phases  are  antiferro-  or  ferro¬ 
electric.  Phase  transitions  have  been  observed  in  many  alums,  some  of 
which  are  apparently  antiferroelectric  [202-204],  There  have  been  reports 
that  certain  crystalline  phases  of  ice  are  perhaps  even  antiferroelectric 
[205].  The  list  is  almost  infinite. 


§4.  Discussion  of  Concept  of  Antiferroelectricity 


Most  contemporary  researchers  have  an  opinion  concerning  the 
commonality  of  the  nature  of  ferro-  and  antife-roelectrics.  One  may 
conclude  from  examination  of  experimental  data  that  one  antiparallel 
orientation  or  other  more  general  form  of  orientation  of  dipole  moments  is 
not  enough  to  permit  the  classification  of  3  crystal  as  an  antiferroelec¬ 
tric.  It  is  necessary  that  a  phase  transition  occur  in  the  crystal, 
accompanied  by  the  characteristic  anomaly  of  dielectric  properties. 


From  estimates  of  the  electrostatic  dipole-dipole  interaction  in 
the  ferro-  and  antiferroelectric  phases  with  the  perovskite  structure 
can  bo  concluded  that  its  magnitude  differs vlittle  for  all  these  phases. 
This  agrees  satisfactorily  with  experimental  dats  on  the  nearness  of  the 
free  energies  of  the  ferro-  and  cut i ferroelectric  phases,  which  governs  the 
possibility  of  phase  transitions  between  these  phases.  This  is  hardly  a 
rttnd.'-m  coincidence.  It  is  the  basis  on  which  many  researchers  conclude 
that  electrostatic  interaction  plays  a  grea..  part  in  the  formation  of  anti¬ 
ferroelectricity  and  determination  of  relative  stability  of  ferro-  and 
antiferroelectric  phases,  even  though  short-range  forces  perhaps  play  r, 
greater  role  in  antiferroelectrics  than  in  ferroelectrics. 
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It  should  bo  pointed  out  that  along  with  theories  that  regard  electro¬ 
static  dipol  ,-dipoie  interaction  as  the  cause  of  spontaneous  polarisation, 
there  have  been  many  attempts  to  explain  it  from  the  standpoint  of  the 
electron  states  of  atoms.  Such  works  include,  in  particular  [206] . 

According  to  [206]  the  d-zonss  of  transition  elements  and  p-2ones  of 
oxygen  are  close  in  ferroelectncs  of  the  perovskite  class.  The  result 
of  this  proximity  of  tones  (pseudodegeneration)  is  displacement  of  atomic 
nuclei  from  the  initial  positions  in  the  lattice  and  formation  of  dipole 
moments.  Thorough  examination,  apparently,  can  also  be  applied  to  anti- 
ferroelectri.cs.  In  any  case,  that  the  effects  of  pseudodegeneration  may  be 
the  deciding  factor  in  the  phase  transitions  of  certain  antiferroelectrics 
cannot  be  ruled  out.. 

If  one  proceeds  from  the  assumption  of  generality  of  the  nature  of 
ferro-  and  antiferroelectricity ,  then  one  obviously  should  not  classify 
transitions  of  the  buckling  type  as  anti ferroelectric  phase  transitions. 

In  accordance  with  Smolenskiy  ana  Matthias  [207,  20S] ,  Megaw  (59]  pointed 
out  that  ferro-  and  anti  ferroelectric  phases  in  compounds  of  th**  perovskite 
class  are  characterized  primarily  by  the  presence  of  displacements  of  ions 
of  tne  transition  elements  with  an  unfilled  next  to  the  last  d-sheil  from 
their  initial  positions  in  the  centers  of  the  octahedrons.  It  has  also 
been  shown  that  displacements  of  lead  ions  also  occur  in  lead-containing 
perovskites.  The  phases  that  occur  after  buckling  transitions  are 
characterized  by  displacements  of  oxygen  ions  as  a  res  ilt  of  the  alternating 
slope  of  the  octahedrons  as  a  whole.  The  displacements  of  A  type  ions  that 
usually  occur  in  this  case  facilitate  tighter  packing  of  the  ions.  Dis¬ 
placements  of  B  type  ions  relative  to  the  oxygen  shell  are  not  characteristic, 
of  these  phases.  This  apparently  means  that  the  phases  that  form  after 
buckling  transitions  and  after  ant' ferroelectric  phase  transitions  arc 
different  in  nature. 

It  is  noteworthy,  on  the  other  hand,  that  oxygen-octahedral  titanates 
and  niobates  are  known,  in  which  type  B  ions  are  displaced  fi the  centers 
of  the  octahedron,  but  in  which  there  arc,  nevertheless,  no  phase  transi¬ 
tions  that  are  accompanied  by  anomalous  dielectric  properties.  Suci. 
compounds  include,  for  instance,  barium  tetratitanate  BaTi^O^  [209].  The 

configuration  of  the  shortest  distances  B-Q,  which  is  usually  tied  to  the 
distribution  of  honeopolar  bonds,  is  analogous  to  tetragonal  barium 
f.tanate.  It  may  be  assumed  that  there  are  no  low-frequency  long-wave 
optical  modes  of  vibrations  in  such  compounds,  since  their  permittivity  is 
low,  and  they  should  not  be  called  antiferroelectrics. 

Thus,  it  is  now  customary  to  classify  as  ant iferroelectric  phases 
only  those  phases  with  a  free  energy  close  to  the  free  energy  of  ferro¬ 
electric  phases.  The  antiferroelectrics,  in  addition  to  compensation  of 
dipclc  moments,  are  characterized  by  considerable  anomalies  in  dielectric 
properties  on  transition  vo  the  paraelectric  state,  reduction  of  the 
temperature  of  these  transitions  and  increase  of  c  when  an  electric  field 
is  applied,  and  also  pha.ie  transitions  into  the  ferroelectric  state  are 
possible  (when  sose  of  the  ions  are  substituted  under  the  influence  of 
temperature,  electric  field,  pressure). 
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CHAPTER  18.  FERROELECTRICS  WITH  MAGNETIC  ORDERING 

Tue  rapid  development  of  the  physics  of  ferroelectricity  and  m;*;-*' 
during  the  last  two  decades  has  strengthened  concepts  concerning  the  na. 
of  these  phenomena  and  increased  the  number  of  known  ferroelectric  and 
ferromagnetic,  materials.  The  result  has  been  the  discovery  of  a  number  of 
ferroelectric*  with  magnetic  ordering.  These  compounds  were  first  syn¬ 
thesized  by  Smolenskiy,  et  al  [1-5],  who  synthesized  ferroelectric-anti¬ 
ferromagnetic  compounds  with  the  perovskite  type  structure.  Eventually  two 
ether  families  of  ferroelectrics  with  magnetic  ordering  were  discovered  — 
hexagonal  magnetites  and  boracites.  Ferroelectrics  with  spontaneous 
magnetization  are  of  tremendous  importance,  since  these  compounds  possess 
several  effect u  attributed  to  the  mutual  effect  of  electric  and  magnetic 
subsystems.  The  presence  of  these  effects  follows  directly  from  thermo¬ 
dynamic  theory,  and  before  proceeding  to  review  experimental  works,  we  will 
briefly  discuss  the  basic  results  of  theoretical  examination. 

§1.  Elements  of  Thermodynamic  Theory  of  Ferromagnetic  Ferroelectrics 

The  First  thermodynamic  examination  of  a  ferromagnetic  ferroelectric 
material  was  conducted  by  Smolenskiy  ;f>],  who  investigated  the  second  order 
phase  transition  from  the  ferromagnetic  (or  ferroelectric)  to  the  ferro- 
ferromagnetic  state  at  a  temperature  close  to  the  temperature  of  transition 
from  the  paramagnetic  to  ferromagnetic  (or  from  the  paraelectrie  to  ferro¬ 
electric)  state.  In  other  words,  he  examined  the  case  when  the  magnetic 
and  ♦■erroelectric  Curie  points  3re  close.  Uiter  on  Ned  1  in  f 7 j  showed  that 
the  results  of  this  work  are  general  and  do  not  depend  on  the  nearness  of 
the  temperatures  of  both  transitions. 

There  is  a  magnetoeicctric  effect  in  the  fervo-ierromagr.etic  phase, 
i.e.,  the  electric  and  magnetic  mcc.ents  are  linear  functions  (in  weak 
fields)  of  the  magnetic  and  electric  field. 


f«k'KT  l"H.  \ 
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Here  X  is  the  tensor  of  the  electric  and  x  the  tensor  of  the 


magnetic  and 


- w?7!J 


(18.2) 


is  the  tensor  of  composite  magnetoelectric  susceptibility.  Near  the  transi¬ 
tion  point 


(18-3) 


The  case  was  examined  [6.  7)  when  the  axis  of  easy  magnetization  and 
the  ferroelectric  axis  coincide  and  the  magnetic  and  electric  fields  are 
parallel  to  this  axis.  Thus,  the  superposing  of  externa1  fields  alters  only 
polarization  and  magnetization,  but  not  their  direction.  With  field?  of 
arbitrary  direction  the  thermodynamic  theory  should  be  formulated  for  each 
specific  crystal  with  consideration  of  its  symmetry. 

During  transition  to  the  ferro-ferromagnetic  phase  fro:.t  the  ferr'  - 
magnetic  (ferroelectric),  magnetic  (electric)  susceptibi1 tty  ex¬ 
positive  jump,  i.e., 


[Cf  =ff, 

r-f) 


fx% > (z*)t  (or  (x’),*> <*»).>. 


Here  the  subscripts  ff,  f  and  c  demote  the  ferro-ferromagnetU ,  >erro- 
magnetic  and  ferroelectric  phases,  respectively. 

ttitsek  and  Smolenskiy  [8]  did  a  thermodynamic  study  of  a  ferro-ferro- 
mn one tic  with  consideration  of  anisotropy.  They  examined  a  crystal  cubic  in 
the  par3elcctric  and  paramagnetic  phases.  It  was  shown  that  electric  (mag¬ 
netic)  ordciing  causes  magnetic  (electric)  anisotropy  to  become  uniaxial  and 
the  interaction  of  the  magnetic  and  electric  subsystems  can  be  regarded,  in 
particular,  as  the  consequence  of  electro-  and  magnetostriction.  Change  in 
electric  polarization  deforms  the  crystal,  which,  in  turn,  by  virtue  of 
magnetostriction,  alters  magnetization  and  vice  versa.  The  same  conclusion 
can  be  reached  oy  viewing  the  thermodynamic  potential  as  the  sum  of  elastic 

(T-  ,  -  c.  ..  -u.  .u.  .) ,  ma.gnetoelastic  (£  ,  -  A.* .,  ,u.  .3L  M.)  and  eiectroelastic 

el  iiki  ii  si  mel  r;r;i  ij  x  t 

^cl  -  AiikAjW  orgies. 

The  equilibrium  values  ef  the  deformation  tensor  components  are 
determined  from  the  condition  of  minimum  thermodynamic  potential  in  terms 

of  variables  u.  . .  These  equilibrium  values  have  as  terms  a  oar*-  chat  ix 
U 

quadratic  in  terms  of  polarization  components  (B!.j.^P^r,)  .  .  a  part,  that 

is  quadratic  in  term*,  of  magnet izaHon  components  fPV.. -fM.  M-) .  As  a  result 
of  substitution  of  equilibrium  values  u. .  in  the  expression  for  the 


thermodynamic  potential  terms  of  the  type  appear  in  it,  which 

indicates  interaction  of  Che  electric  and  magnetic  subsystems . 

This  is  all  valid  for  ferromagnetic-ferroslectrics.  The  formulation 
of  thermodynamic  ♦hsory  of  r.7.ti  ferromagnetic  ferroelectrics  requires  the 
knowledge  of  their  specific  symmetry,  position  of  magnetic  ions  in  the 
nucleus,  character  of  magnetic  ordering,  i.e.,  for  each  substance  it  is 
essential  to  conduct  a  special  examination,  h'edlin  [9],  however,  showed 
that  the  second  order  phase  transition  from  the  ferroelectric  to  ferro¬ 
electric  and  magnetic^ . \y  ordered  ata^c  can  be  examined  in  rather  general 
form,  whence  can  be  mrdc  certain  conclusions  that  are  valid  for  a  large 
class  of  anti ferromagnetic  rcircelnctrics. 


The  possible  symmetry  of  feriomagnefci*. 
theoretically  in  [iC,  ill 

52.  Pevovskii's 


ferroelectrics  was  examined 


Tne  first  ferroel  entires  with  magnetic  ordering  were  PoFe  .  Nb_  ._0, 

i  /  4  /  $ 

and  rbFe^^ji^ /^0_  [1-5] .  These  compounds  have  a  perovskite  type  structure. 

Ions  Fe*'*,  Nb^+  and  occupy  the  octahedral  positions  ant  ‘"ere  is  no 
ordering  of  these  iors.  the  ferroelectric  Curie  point  c  Pb. 

is  J$7°K  and  of  178°K.  The  temperature  d»  of 

magnetic  susceptibility  of  PbFe^Jfj^CL  is  illustrated  e  18. 1 . 

Tne  temperature  at  which  the  dependences  e(T)  and  1/r. (T',  have  a  discontinuity 
[5]  was  taken  as  the  temperature  of  anriferromr.gr.etic  rrdering  (Neel 
temperature).  Due  to  the  unordered  distribution  of  magnetic  (Fe^+)  and 

diamagnetic  (l/>+)  ions,  part  of  the  Fe^+  ions  have  as  next  door  neighbors 
in  the  octahedral  sublattice  only  diamagnetic  ions  and  therefore  do  not 
participate  in  magnetic  ordering.  In  the  first  approximation  such  ions 
behave  like  paramagnetic  ions  and  are  responsible  for  the  growth  of  magnetic 
susceptibility  as  the  temperature  fails  below  the  Neel  point.  The  presence 
of  magnetic  ordering  in  PbFf,,.H'  C.  and  PbFe, /nNb.  .^0.  was  verified  later 

by  neutron  radiographic  analyses  [12,  13]  which  showed  that  a  magnetic 
structure  of  the  SC-called  ^-type  forms,  in  which  the  magnetic  moment  of 
each  ion  is  antiparal Jel  to  the  magnetic  moment'  of  their  nearest  neighbors. 


According  t-3  magnetic  measurement'.data,  the-  Neel  t 
?bFe,/3K1/30.  is  363°k'  an  !  of  PbFCj /2Nb,  ,,CLf  143°K  [5]. 

magnetic  properties  arc  displayed  by  PbFej^Ta^^O,,  the 


emperature  of 
The  analogous 

See!  temperature  of 


which  is  180°K  [14].  Tf  in  the  examined  compounds  ther  is  no  ordering  of 
the  various  ions  occupy  ug  the  octahedral  positions,  tl .  .  in  PbCo,  ,  ,W, f?0», 

also  having  a  perovskite  structure,  the  ions  Co“  and  fif  are  ordered  and 
the  elemental  nucleus  is  accordingly  doubled  [15-l"j.  According  to  the 
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Figure  13.1.  Temperature  deper;cience  of  magnetic 

susceptibility  xO)>  r-  (-)  and  permittivity  c  (3) 

PbFe„,„K,  ,,0-.  Measurements  were  made  on  mono- 
2/ a  1/a  3 

crystalline  powder  (according  to  Bokov,  et  al  [5]). 


data  of  Bokov,  et  al  [171  PbCOj^Wj^70,  transitions  at  305 °K  from  the  para- 

electric  to  the  antiferroelectric  state.  As  the  temperature  drops,  starting 
at  170°K  it  blames  possinle  to  observe  electric  field  induced  transition 
from  the  antiferroelectric  to  the  ferroelectric  stwle.  As  the  temperature 
continues  to  drop,  the  transition  field  diminishes  and  at  o39K  transition 
occurs  spontaneously  [18]. 


The  volumetric  interaction  between  magnetic  ions  Co“+  in  PbCOj^7W^?0_ 

proceeds  in  the  chain  Co-O-W-O-Co,  Therefore  the  interaction  is  weak  and 
magnetic  ordering  occurs  only  below  90  °K  [19].  In  terms  of  its  magnetic 
properties  PbCo. /7%  is  a  typical  weak  ferromagnetic  with  spontaneous 

magnetization  of  0.15  G*cm3/g  at  4.2°K  [19].  Thus,  at  temperatures  below 

9°K  PbCo.  ,  'a,  ,_0_  is  simultaneously  a  ferroelectric  and  a  weak  ferromagnetic. 
1/2  1/2  a 

The  temperature  dependences  of  magnetic  susceptibility  and  spontaneous 
magnet i" at ion  are  presented  in  Figure  IS. 2. 


!  * 
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Figure  IS. 2.  Temperature  dependence 
of  magnetic  susceptibility  (x)  and 


spontaneous  magnetization  (Ms)  of 


PbC°l/2Wl/2°V 


Measurements  were 


made  on  monocrystal  1 inc  powder 
(according  to  Kizhavcv  ana  Bokov 
[19]). 
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Figure  13.3,  Temperatu/e  dependence 
of  permittivity  (1),  spontaneous 
magnetization  (2)  in  Bohr  magnetons 

per  Fe5+  ion  and  inverse  magnetic 
susceptibility  (3)  of  solid  solu¬ 
tion  0.7  PbFe^^Wj^Oj-O.SFbMg^,' 

•  W .  ,-0,  (according  to  Smolenskiy, 
t  ^  o 

et  al  [20]). 


On  the  basis  of  complex  perovskites  Smolenskiy,  et  al  [20]  produced 
ferroelectric  solid  solutions  that  are  simultaneously  ferrimagnetics,  i.e., 
uncompensated  ant: ferromagnetics.  Ferrinagnetism  was  obtained  in  the 
system 

{I  -*!  O,  —  xl- W„) o,. 

We  will  recall  that  Pb(Mg.  ,_W  ,  }0„  is  an  antiferroelectric .  Ior.s 

■>+  6+  ^  ^  ^ 

Mg“  and  W  ,  occupying  the  octahedral  positions,  are  ordered,  i.e.,  there 

are  two  octahedral  sublattices.  The  formation  of  solid  solutions  of  this 

system  can  be  regarded  as  the  substitution  of  some  of  the  Mg-’*'  and  W^+  ions 

by  Pe-5*  ions.  It  is  obvious  that  when  stoichiometry  is  maintained  tl"  number 

of  Fe^*  ions  in  the  octahedral  suhlattices  of  Mg  and  W  should  differ  and, 
by  separating  the  sublattices  the  formula  of  the  solid  solution  can  be 
written  in  the  form: 


,Mp.  ,.)(**. 1)  °»* 


(IS. 5) 


If  now  magnetic  ordering  occurs  and  a  G-type  antiferromagnetic 
structure  is  formed,  which  i.,  characteristic  of  all  perovskites  with  iron, 
then  the  mngru  ic  sublattices  will  coincide  with  the  sublattices  in  the 
parentheses  in  (18,5).  The  directions  of  the  magnetic  moments  of  FeJ+ 
i:'1  s  in  (18.5)  are  indicated  by  arrows.  Since  the  number  of  Fe*'+  ions  in 
the  suhlattices  differs,  then  the  magnetic  moments  of  the  s  ^lattices  will 
not  be  compensated,  i.e.,  ferrimagnecisra  should  occur.  Experimental 
investigations  of  this  system  have  shown  that  the  ordering  of  ions  occupying 
the  octahedral  positions  takes  place  when  the  concentration  of 
PbMgj  exceeds  Solid  solutions  with  x  "  0.88  display  ft?rro- 

electrie  properties,  and  in  the  range  of  concentrations  0.2  <  x  <  0.4 
there  is  otable  spontaneous  magnetization.  "Hie  temperature  dependences 
of  permittivity,  spontaneous  magnetization  and  inverse  magnetic  susceptibility 
arc  illustrated  in  Figure  18.3.  The  latter  dependence  is  of  the  form 
characteristic  of  ferrimagnetics. 


Also  noteworthy  among  perovskites  is  BiFeO,.  According  to  x-ray 

diffraction  analyses  this  compound  has  rhomhohedral  symmetry  [21-23] - 
Although  structural  analyses  have  been  quite  numerous  [13,  24-26],  the 
question  of  its  spatial  group  cannot  be  considered  conclusive’/  answered. 

As  shown  by  magnetic  measurements  done  by  Smolenskiy  [27],  Uii-eCL  is  an 

antiferromagnetic  with  a  Neel  temperature  of  643°!'..  According  to  neutron 
radiographic  analysis,  the  magnetic  structure  is  of  the  G-type  [12,  24]. 

The  question  of  whether  or  not  SiFeO^  is  a  ferroelectric  was  solved  for  a 

long  time  chiefly  by  investigating  solid  solutions,  the  properties  of  which 
were  extrapolated  to  pure  BiFeO^.  The  systems  BiFeO.-PbTiO.  [21,  28,  29] 

and  BiFeO,-PbFej ,-Nbj^O^  [30-36]  have  been  most  thoroughly  studied1 . 

later  on  Kraynik,  et  al  [32]  we>  „•  able  to  measure  the  permittivity  of  poly- 
cyrstalline  BiFoO,  at  high  frequencies  in  a  wide  temperature  range.  The 

results  of  these  measurements  favor  the  antiferroelectric  properties  of 
BiFeOv  Whether  PiFoO,  is  a  ferro-  or  anti ferroelectric  is  a  question 

discussed  in  Chapter  17,  §1. 

Many  ferroelectric  perovskites  of  complex  composition  with  magnetic 
ordering  have  been  synthesized  and  analyzed  by  Zhdanov  and  Venevtsev  and 
coworkers.  The  results  of  these  works  can  be  found  in  review  [38].  Some 
information  concerning  these  compounds  is  given  in  Chapter  19. 

§3.  Hexagonal  Mangan-i.es 

Hexagonal  manganites  were  first  synthesized  by  Bertaut,  el  al  [39]. 

The  general  formula  of  these  compounds  is  AMnO, ,  where  A  is  any  : -re-carth 

ien  from  Ho  U  lu,  and  also  Sc  and  Y.  Manganites  are  of  a  new,  previously 
unknown  type  of  structure  (spatial  group  Pfi^cm  (Figure  18.4)  [39,  40]). 

The  oxygen  ions  in  this  structure  comprise  triangular  bipvramids,  which, 
connected  at  the  vertices,  form  layers  perpendicular  to  the  sixth  order 
axis.  The  manganese  ions  are  located  inside  the  bipyramids  and  the  rare- 
earth,  yttrium  or  scandium  ions  are  located  between  the  layeis  of  the 
bipyraraids.  Hexagonal  mangan’tes  are  uniaxial  ferroelectrics,  the  polar 
axis  of  which  is  the  sixth  older  axis.  Spontaneous  polarization  is 
'■5*10"6  C  cm-2  [41-44].  The  ferroelectric  Curie  temperature  of  these 
compounds  is  very  high  and  cannot  be  determined  according  to  the  dis¬ 
appearance  of  hysteresis  loops  due  to  high  electrical  conductivity.  However, 
a  set  of  experimental  data,. such  as  jump  of  elemental  nucleus  parameters, 
maximum  pyroelectric  current,  maximum  permittivity,  observed  at  about  the 
same  temperature,  makes  it  possible  to  establish  quite  reliably  the 
temperature  of  the  antiferruelectric  phase  transition.  Such  analyses  have 
been  conducted  for  YMnO,  -43]  and  YbMnO.  [43,  45],  For  HoMnCL  and  KrMnO, 


'Analvses  of  solid  solutions  based  cn  BiFeCL  are  presented  in  the  reviews 
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there  are  data  only  concerning  the  temperatures  of-  maximum  permittivity  [43j. 
The  information  known  at  this  time  concerning  the  temperatures  of  the 
ferroelectric  and  anti  ferromagnetic  phase  transitions  in  hexagonal  manganites 
is  summarized  in  Table  24. 


Table  24.  Ferroe1 ictric  Curie  Points  (T  )  and  Temperatures  of 
/'•ntiferrom»gn<‘tic  Ordering  (Ts})  of  Hexagonal  Manganites 
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A  feature  of  these  ferroelcctrics  is  their  low  permittivity;  thus, 
on  the  polar  axis  e  -  ?3-25  at  room  temperature  and  c  ~  60  at  the  Curie 
point  [46j.  The  ferroelectric  domains  are  indistinguishable  in  polarized 

light,  but  can  be  discerned  by 
p.  q  p,  etching  the  surface  perpendicular 

^ to  P°^ar  ax  i s  [49].  In  terms 
Qf-* — i  of  their  magnetic,  properties  the 

!  ry1 — O — ry*  manganites  are  anti  ferromagnetics. 

They  feature  the  absence  of 

(*3r\  l  anomalous  magnetic  susceptibility  at 

\  the  *'oe*  P°^nt  [S0-52].  Data  on 

]  Neel  temperatures  were  also  obtained 

!  from  neutron  radiography,  and  in  the 

;  case  of  YMnG_,  from  analysis  of  the 

;  Messbauer  effect  on  Fe5/  nuclei  in 

■jQ""  ©  specimens  in  which  10%  of  the 

©  jryJ  Mn'1+  ions  were  substituted  by  Fe'^ 

;  ^  ‘  ions  M7]*  Tbc  results  of  all  these 

_rS  measurements  arc  presented  in  Table 

!  try  \  )  24.  The  discussion  here  concerns 

ordering  of  the  magnetic  moments  of 

•  *  ©*  Mn->*  ’onS*  There  is  still  no  infor- 

^  mat ion  concerning  magnetic  ordering 

„.  ,  „  .  ^  ,  ,  .  in  the  sub  lattice  of  rare-earth  ions. 

2K"  S.4.  F.lementai  nyclcus  of  Uc  structure  of  manganites 

i-MnO.:  1  -  Mm  :  ,  -  ;  a  -  W3S  investigated  chiefly  on  the 

0£".  example  of  YMnO„,  both  theoretically 

(53]  and  experimentally  by  the 

neutron  diffraction  method  [54-56].  As  a  result  of  these  investigations  it 


^XTj 
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Figure  18.4.  F.lementai  nucleus  of 
YMnO- :  1  —  Mn3*:  2  —  Y5*;  3  -- 


neutron  diffraction  method  [54-56]. 


was  established  that  the  magnetic  moments  of  Mn  was  sic  in  the  planes 
perpendicular  to  the  sixth  order  axis,  and  form  six  magnetic  sublattices 


§4.  Bo  '3  u If 


l  >  .Ications  that  the  mineral  boracite  „C1  has  ferroelectric 

j>  7  la 


properties  were  first  uncovered  by  le  Corre  [571.  In  subsequent  works 
[58,  59 j ,  however,  doubt  was  cast  on  the  presence  of  ferroelectricity  in 
this  mineral,  and  only  after  the  works  of  Ascher,  Schmidt,  et  al  [60-65] 
in  which  several  compounds  similar  to  natural  boracite  were  synthesized 
and  analysed,  did  it  become  clear  that  they  all  are  apparently  fcrroelcc- 
trics.  The  general  formula  of  such  compounds  can  be  written  in  the  form 
Me„B^0j,X,  where  Me  =  Mg,  Cr,  Mn,  Fe.  Co,  Ni,  Cu,  Zn,  Cd  and  X  =  Cl ,  Br,  7. 

The  structure  of  boracites,  analyzed  by  Ito,  et  al  [66],  and  also  their 
dielectric  properties  will  be  discussed  in  Chapter  19.  We  will  discuss 
here  the  domain  stiucturc-  and  magnetic  properties.  The  domain  structure 
has  been  investigated  only  on  boracites  with  nickel,  for  which  the  direction 
of  spontaneous  polarization  has  been  established  and  detailed  crystal lo- 
optic  analysis  conducted  [65].  Like  other  boracites,  this  compound  belongs 
to  the  cubic  accntrosymmetric  spatial  group  F43c(Tp  in  the  paraelectric 

phase.  The  matrix  of  piezoelectric  coefficients  g  in  this  case  has  the  form 


o  o  0  f „  o  o 
0  0  0  0  o 
o  o  o  o  0  tu 


(18.6) 


Spontaneous  polarization  occurs  on  one  of  the  edges  of  the  cubic 
elemental  nucleus,  i.e.,  cubic  directions  of  the  type  {ion}.  The  spontaneous 
deformation  that  occurs  here  can  be  regarded  aa  the  result  of  the  piezo¬ 
electric  effect,  and  in  accordance  with  (10.45)  deformation  consists  in 
displacement  in  the  plane  perpendicular  to  the  polar  axis.  The  elemental 
nucleus  becomes  rhombic  with  polar  axis  z1,  coinciding  with  the  pseudocubic 
direction  [0011 ,  and  with  axes  x’  and  y ’ ,  coinciding  with  pseudocubic 
directions  [110]  and.  [110]  (Figure  18.5).  The  indicatrix  axes  of  the  ISO” 
domains  are  rotated  90°  relative  to  each  other.  Therefore  such  domains 
can  be  distinguished  in  polarized  light.  The  conf ifurations  of  the  90° 
domains  of  the  boracites  are  quite  varied  and  in  many  coses  do  not  agree 
with  the  general  rules  discussed  in  Chapter  7.  Often  the  polarization 
vectors  are  arranged  "head  to  head,"  and  "tail  to  tail."  The  domain  walls 
differ  in  many  cases  from  surfaces  with  rational  indices  snd  are  often 
strongly  curved,  which  apparently  is  a  result  of  the  smal»ness  of  rhombic 
distortions. 


Tne  magnetic  properties  of  boracites  with  paramagnetic  ions  have  not 
yet  been  analyzed  sufficiently,  but  there  are  data  concerning  the  behavior 
of  magnetic  susceptibility  at  temperatures  above  77°K  for  most  of  the 
compounds  [62],  All  these  compounds  are  apparently  anti  ferromagnetics 
with  rather  low  Neel  points.  Ni-I-boracite,  the  magnetic  properties  of 
which  are  most  thoroughly  investigated  (Figure  18.6),  displays  very 
interesting  properties.  Antiferromagnetic  ordering  occurs  in  this  compound 
at  120°K  and  then  Ni-I-boracite  becomes  a  ferroelectric  at  6-ieK.  The 
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Figure  18, S.  Relations  between 
elemental  nuclei  of  cubic  and 
rhombic  modifications  of  boracite 
(Schmidt  [65]). 


Figure  18.6.  Temperature  dependence 
of  permittivity  (e)  and  magnetic 
susceptibility  (y)  of  Ni.B  0  1 

(Ascher,  et  al  [63]).  3  * 


reduction  of  symmetry  at  the  ferroelectric  Curie  point  leads  to’ the  appear¬ 
ance  of  slight  spontaneous  magnetisation  and  Ni-I-boracite  becomes  a  weak 
ferromagnetic.  Spontaneous  magnetization  is  perpendicular  to  spontaneous 
polarization,  which  corresponds  to  magnetic  point  group  m'm2’. 

If  spontaneous  polarization  Pg  is  parallel  to  cubic  direction  [001], 

then  magnetization  M  may  be  directed  either  on  [110]  or  on  [TlO]  .  Thus,  in 

the  ferroelectric  domain  there  may  be  antiparallel  ferromagnetic  domains, 
but  in  the  ferromagnetic  domain  P$  can  have  only  one  direction.  Hence 

follow  a  number  of  purely  domain  effects,  which  were  also  detected  experi¬ 
mentally  [63,  65].  By  changing  the  direction  of  Pg  with  an  electric  field, 

it  is  also  possible  to  alter  the  direction  of  Mg,  and  conversely.  Thus,  if 

the  direction  of  P  is  changed  from  [001]  to  [00T] ,  M  rotates  90°  from 
— s  s 

[110]  or  from  [110]  to  [110],  or  to  [TlO].  The  opposite  effect  also  occurs, 

i.e.,  if  magnetization  i  first  directed,  for  instance,  on_J110]  and  the 

crystal  is  remagnetized  by  applying  a  magnetic  field  on  [110],  then  the 

direction  of  Pg  should  change  from  [001]  to  (OOT) . 


Pi  [C3’J 


Figure  18.7,  Quadratic  magneto- 
electric  hysteresis  loop  for 
Ni.B^Oj.I  with  H  on  ±[110]  and 

P  on  [001]  at  46°K  (according 

to  Ascher,  et  al  [63]). 


In  accordance  with  theory  Ni-I-boracite  displays  the  linear  magneto- 
electric  effect.  Taking  the  direction  of  Pg  as  the  z  axis  and  the  direction 

of  M  as  the  y  axis,  in  accordance  with  the  symmetry  of  the  crystal,  vc 
s  '  ' 


have  the  following  equations  for  linear  magnetoelectric  effects: 


j. 

pi  “  In  >t J- 


(18.7a) 
(18. 7h) 
(18.7c) 
(18. 7d) 


The  effect  described  by  equation  (18.7a)  has  been  investigated 
experimentally  [63,  54],  The  dependence  of  the  change  of  electric  polariza¬ 
tion  on  magnetic  field  intensity  is  represented  in  Tigure  18.7.  It  has  the 
"butterfly”  form.  This  is  related  to  the  fact  that  remagnetization  occurs 
in  a  magnetic  field  of  -6  ke  intensity.  Tne  transition  3  -  4  (Figure  38.7) 
is  related  to  a  change  in  the  direction  of  M  from  M  ! ! f 1 1 0 ]  to  M  jlfllO], 

S  S'  5  1 

and  the  transition  6  -  7  to  the  reverse  rotation  from  M  MfllO]  to 
M  1 1  [TTo] .  Tr  absolute  value  yme  -  3.3*10''*  at  15°K. 
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1.  Strontium  Titanate 


Rushman  and  Strivens  [1]  discovered  that  the  Curie  temperature  of 

solid  so  .tions  RaTiO.-SrTiO,  falls  1  inear lv  as  the  concentration  of  SrTiO- 

a  a  a 

increases.  Extrapolation  of  this  dependence  made  it  possible  to  propose 

that  SrTiO^,  at  temperatures  close  to  0°K,  will  have  maximum  e,  and  that 

strontium  titanate  is  therefore  a  ferroelectric. 

Measurements  of  r.  in  SrTiu.  at  low  temperatures  were  first  done  by 

Smolenskiy  [2-4]  on  polycrystalline  specimens.  It  was  found  that  the  e  of 
SrTiCL  at  low  temperatures  passes  through  a  maximum.  At  temperatures  below 

that  of  the  maximum  dielectric  hysteresis  loops  were  observed.  This  led  to 
the  conclusion  that  strontium  titanate  is  actually  a  ferroelectric  with  a 
Curie  point  of  15-35°K. 


Somewhat  later  liulm  [S]  conducted  analogous  measurements  and  did  not 
find  the  e  peak.  According  to  his  data  z  of  strontium  titanate  obeys  the 
Curie-Keiss  law  from  300  to  50°K,  and  at  temperatures  below  50°K  increases 
more  smoothly  than  follows  from  the  law  e  =  C/(T  -  6),  and  approaches  a 
constant  value  of  -1,300  as  the  temperature  approaches  0°K.  At  4°K  z  was 
not  found  to  be  dependent  on  field  intensity  all  the  way  up  to  25  kVf/cm. 
Hence  liulm  concludes  that  strontium  titanate  is  not  a  ferroelectric 

Strontium  titanate  has  been  analysed  by  many  researchers  ir.  past 
years;  the  question  of  its  ferroelectric  properties  has  been  discussed 
repeatedly,  but  even  today  the  behavijr  of  strontium  titanate  at  low 
temperatures  is  not  sufficiently  clear. 

.  O 

Strontium  titanate  is  practically  cubic  at  ^0  C  with  a  *  3.904  A 
[6].  Granicher  and  Jakits  [7],  extrapolating  the  dependence  of  the 
temperature  of  phase  transitions  in  solid  solutions  SrTiO.-CaTiO.  on  the 


Swi?y J&i*  .i.Jl'il*'  %  j-.WiJj  i 


PSSISiS 


CaTiOj  concentration,  concluded  that  strontium  titanate  changes  to  the 

tetragonal  phase  below  -100°K.  Muller,  as  a  result  of  analysing  the  EPR 

of  impurity  ions  Fe^+  in  SrTiO^  crystals,  verified  that  on  cooling  below 

~100°K  a  phase  transition  occurs  in  strontium  titanate  to  the  tetragonal 
phase,  whereupon  the  crystal  breaks  down  into  numerous  twins  [8,  9].  The 
existence  of  this  phase  transition  is  also  substantiated  by  other  works 
on  EPR  analysis  in  SrTiO^  [10-13] .  Rimai  and  de  Mars  [13]  determined  the 

transition  temperature  as  110  ±  2.5°K  and  noted  that  this  transition  occurs 
much  more  smoothly  than  the  transition  from  the  cubic  phase  to  tetragonal 
in  BaTiO^  and  is  not  a  first  order  transition.  Cooling  of  the  crystal 

below  110°K  is  accompanied  by  a  sudden  drop' in  the  linear  expansion 
coefficient  [14],  which  at  20°C  is  (9.2  *-  0.8)*10~6oK  [15]. 

X-ray  diffraction  analysis  and  analysis  of  birefringence  of  SrTiOj 

at  low  temperatures  are  described  in  [16-18].  According  to  [16]  SrTiO, 

above  110°K  has  a  cubic  lattice  and  a  linear  expansion  coe  ficient  of 
9.4*10'6l/<*f(,  At  about  11D°K  the  change  of  lattice  parameters  during 
cooling  practically  ceases,  and  separation  of  the  x-ray  lines,  indicating 
tetragonal  distortion,  was  noted  only  at  temperatures  close  to  65°K.  Then, 
during  heating,  this  separation  is  clearly  discernible  in  the  65-120°K 
temperature  range.  The  magnitude  of  tetragonal  distortion  was  found  to 
bfc  c/a  =  1.00056.  In  the  5S-65°K  range  no  line  separation  was  noted,  but 
from  35  to  55°K  separation  of  the  lines  (triplet)  was  clearly  discernible. 

This  separation  is  related  to  rhombic  distortion  (a:b:c  =  0.9998:1:1.0002). 
Below  100°K  the  specimen  expands  when  cooled,  and  more  strongly  as  the 
temperature  approaches  lO’K;  below  10°K  the  specimen  contracts.  The 
possibility  of  a  phase  transition  to  the  rhombohedral  phase  at  10°K  is 
pointed  out  in  [16]. 

Birefringence  was  noted  in  the  SrTiO^  crystal  [16]  at  room  temperature, 

which  could  indicate  extremely  low  tetragonal  distortion  of  the  lattice 
with  c/a  =  K00008.  Slight  birefringence  was  also  noted  [17,  18]  at  20GC 
and  it  was  also  concluded  that  there  is  distortion  of  the  lattice  at  room 
temperature.  Rhombohedral  distortion  [17]  and  rhombic  distortion  [18]  are 
proposed  at  20°C.  The  possibility  of  birefringence  due  to  mechanical 
stresses,  however,  is  also  admitted  [17,  18]. 

Birefringence  An  on  two  axes  coinc-iding  with  the  fourth  axes  of  the* 
cubic  lattice  begins  to  change  near  liP°K  [13],  ar.d  on  the  tried  axis  at 
-35°K.  An  begins  to  increase  below  119aK  [17];  in  the  interval  from  69 
to  20*K  there  is  a  plateau  in  the  temperature  dependence  of  birefringence, 
and  with  further  cooling  An  increases  and  peaks.  Here  the  increase  of 
birefringence  below  110°K  and  change  in  the  character  of  its  dependence 
near  60aK  are  related  tc  phase  transitions.  Yet  another  phase  transition 
is  presumed  to  occur  in  the  20  to  4.2°K  region.  The  authors  point  out  that 
at  77°K  the  character  of  blurring  of  the  lines  on  the  x-ray  diffraction 


patterns  could  not  be  attributed  to  tetragonal  distortion  of  the  lattice, 
although  it  is  satisfactorily  explained  by  pseudomonoclinic  rhombic  distor¬ 
tion  with  a  •  c  =  3.8870  X,  b  =  3.8988  X,  b/a  =  1,0030,  A£5  =  6'.  Discrep¬ 
ancies  among  the  various  data  are  not  surprising,  since  distortions  of  the 
lattice  are  extremely  small. 

Analysis  of  the  heat  capacity  of  strontium  titanate,  conducted  in 
the  51  to  300°K  interval  [IS},  and  from  20  to  80°h  [20],  revealed  no 

anomalies  on  the  c  (T)  curve.  This  may  be  regarded  as  an  indication  of  low 
P 

thermal  effects  during  phase  transitions. 

Optic  analysis  of  monocrystals  revealed  that  at  204C  strontium 
titanate  has  the  refraction  index  n  =  2,37  at  A  *  7,000  X  and  n  =  2.67  at 
A  =  4,000  X  (21];  n  *  2S380  at  A  =  6,563  A;  n  =  2.409  at  A  =  5,893  A  and 
n  =  2.48S  at  A  =  4,861  A  [2?]  and  n  =  2.39  [23].  The  refraction  index 
decreases  with  heating:  dn/dT  =  (-6.2  ±  0.1)*10“s  1/°C  at  A  =  5,460  X  [15]. 

Below  100°K  [24,  25],  during  analysis  of  a  strontium  titanate  plate, 
perpendicular  to  [100],  in  polarized  light,  a  fine  twinning  structure  was 
noted.  The  twins  had  a  width  of  10-50  micron  and  were  parallel  to  the 
cubic  axes  [Oil],  as  in  the  case  of  90*  domains  in  tetragonal  barium 
titanate.  The  direction  of  extinction  agreed  with  tetragonal  distortions. 

No  changes  in  the  twinning  pattern  (that  could  be  related  to  phase  transi¬ 
tions)  were  noted  isi  the  80  to  4.2°K  interval.  The  application  of  an 
electric  field  of  4-15  kV/cm  [18,  25]  did  not  alter  the  twinning  configura¬ 
tion. 

Numerous  investigators  [IS,  20,  24,  38]  have  analyzed  the  dielectric 
properties  of  highly  pure  polycrystalline  specimens  and  monocrystals  of 
SrTiOj.  The  results  of  these  w  Hcs  confirm  that  the  e  of  SrTiO^,  increasing 

with  cooling,  does  not  pass  through  a  peak,  hut  approaches  some  constant  at 
temperatures  close  to  0°K.  Apparently  the  peak  in  the  temperature  dependence 
of  e  described  in  previous  works  [2-4],  is  related  to  the  low  purity  of 
materials  used  for  the  synthesis  of  the  specimens. 

The  permittivity  of  SrTiO^,  approximately  270  at  20°C  (for  poly- 

crystalline  specimens)  and  300-400  (for  monocrystals),  increases  with  cooling 

C 

(Figure  19.1)  according  to  the  Curie-Weiss  law:  c  =  +  = — -g-  ,  where  C, 

according  to  various  authors,  varies  from  7.83,101'  °K  to  8.64*104  °K,  6  from 
17  to  38°K,  and  *■  43.  On  cooling  below  80-100°K  a  gradual  deviation  from 

the  Curie-Weiss  law  begins,  and  the  growth  rate  of  r.  diminishes  gradually, 
remaining  practically  constant  below  10°K,  reaching  5,300-6,3 00  in  poly¬ 
crystalline  specimens  and  18,000-20,000  in  monocrystals. 

To  explain  this  temperature  dependence  Barrett  [39]  developed  Slaters' 
theory,  conducting  a  quantum-mechanical  examination  of  ionic  polarization. 
Here  Sr  and  0  ions  are  regarded  as  fixed  in  the  lattice  nodes,  and  each  Ti 
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ion  as  an  independent  anharmonic  oscillator.  It  is  proposed  that  titantiua 
ions  are  weakly  bonded  and  their  interaction  is  achieved  only  through  an 
electric  field.  The  "anharmonic”  part  of  the  potential  energy  of  the 
oscillator  is  regarded  as  excitation.  This  account  of  the  effect  of  dis¬ 
creteness  of  the  energy  levels  of  oscillators  on  ionic  polarization  of  Ti 
led  to  the  dependence 


t 


where  6  is  the  extrapolated  Curie  temperature  and  0^  =  is  the  character- 

istic  temperature  determined  by  the  frequency  v  of  the  oscillator.  This 
equation,  with  proper  selection  of  constants  C,  and  0,  satisfactorily 

describes  the  experimental  temperature  dependence  of  e.  When  T  >>6^, 
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cth  f-^r)  asymptotically  approaches  T  and  the  equation  acquires  the  formt 

e  =  C/(T  -6),  i.e.,  is  converted  to  the  Curie-V»eiss  law.  When  the 

temperature  approaches  0°K,  cth(6./2T)  z-  1  and  e  »  C/(9j/2  ■  0),  i.e.,  when 

T  i<  6^  e  is  independent  of  temperature.  Thus,  roughly  speaking, 

separates  the  low-temperature  region,  ‘-here  due  to  quantum  effects  the 
temperature  dependence  of  e  deviates  from  the  Curie-Weiss  law,  from  the 
high-temperature  region,  where  the  behavior  of  e  is  described  in  classical 
approximation  by  the  Curie-Weiss  law.  Heaver  [31]  obtained  satisfactory 
agreement  with  the  experiment  for  6  =  45°K  and  0(  S  100°K,  i.e.,  when  6  = 

-  0.453Gj.  Hegenbarth  [20]  ootained  8  =  27°K  and  9^  =  80°K.  The  temperature 

8t  =  100°H  corresponds  to  oscillator  frequency  2.1*10lz  Hz  or  70  cm-’,  which 


Figure  19.1.  Temperature  dependence 
of  permittivity  of  SrTiO^  mono- 

crystal  in  direction  [110]  in 
various  stationary  biasing  fields. 
[According  to  Sawaguchi,  et  al 
[251). 


just  lies  in  the  far  infrared  region. 


Measurement  of  e  in  pseudocubic  directions  [100],  [110]  and  [111]  [35] 
showed  that  the  permittivities  along  these  three  axes  take  the  same  path  and 
differ  little  from  each  other.  The  slight  difference  in  the  values  of  e  on 
the  various  axes  are  related  by  the  authors  to  the  presence  of  internal 
residual  mechanical  stresses. 


Contrary  to  Hulm's  results  (5],  the  e  of  SrTiO^  at  low  temperatures 

depends  strongly  on  electric  field  strength  [28,  29,  34,  38].  This 
depandence  diminishes  with  increasing  temperature,  but  is  still  quite 
noticeable  at  79°K  (Figure  19.1). 

Hegenbarth  [28]  demonstrated  that  the  dependence  of  e  on  temperature 
and  the  field  naturally  derived  from  Barrett's  theory.  On  the  basis  of  the 
expression  for  free  energy 


+  BP*  4  „.  -BP 

and  assuming  that  E  remains  constant  during  the  measurements  and  B  is 
independent  of  temperature,  the  author  arrives  at  the  conclusion  that  the 
maximum  in  the  temperature  dependence  of  e  will  occur  only  in  fields  greater 
than 
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Here  the  following  relation  should  be  satisfied: 


Experimental  data  agree  satisfactorily  with  these  dependences.  It 
was  found  that  E^  ■=  1.58  kV/cm. 

As  shown  by  the  measurements  of  Rupprecht ,  et  al  [40] ,  at  temperatures 
from  90  to  230°K  and  frequencies  from  1  kHz  to  36  GHz  the  dependence  of  e 
of  SrTiO^  monocrystal  on  T  and  stationary  field,  parallel  to  the  measured 

field,  can  be  described  by  the  expression 
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where  e(T,  0)  =  C/(T  -  0),  and  A^7  is  the  anisotropic  nonlinearity  constant, 

depending  -n  the  direction  of  the  field  E  relative  to  the  crystallographic 
axes:  AJ00  *  I.15*10'ss,  An0  =  0.96*10'18,  Am  =  0.69-10’18  ’K-mVv2. 

Nonlinearity  in  the  behavior  of  e  is  attributed  to  the  anharmonic  recurrent 
force  acting  on  the  titanium  ion  when  it  is  displaced  from  its  position  of 
equilibrium. 

•>k-  “an  6  of  SrTiOj  in  the  region  of  sonic  frequencies  is 
Fhe  irve  of  the  temperature  dependence  of  tan  5  has  two 
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maxima:  one  at  13-14°K  and  the  other  near  72°K  (at  Hz)  [20  23,  32]. 

As  the  frequency  on  which  the  measurements  are  made  increases,  a  displace¬ 
ment  of  the  second  maximum  is  noted  toward  the  region  of  higher  temperatures. 
Presumably  the  cause  of  this  relaxation  maximum  of  tan  5  are  impurities  and 
annealing  conditions  [20].  According  to  [40],  tar:  6  oi  strontium  titanate 
monocrystal  can  be  represented  as  the  sum:  tan  <5()  and  tan  6p,  where  tan 

is  the  field-independent  contribution  and  tan  6p  is  the  field-dependent 

contribution.  It  has  ’  ten  found  that  tan  Ap  =  aj(B^7/C)E5(T,  0)E2,  ’here 

is  the  anisotropic  constant  (2t  frequencies  of  2.3  to  6.5  kMHz  in  the 

90  to  230°K  region  B  =  4,8,10“3'  m.sec,cK/V2l .  The  temperature  dependence 
of  tan  5  is  satisfactorily  described  in  the  90-230°K  range  by  the  expression 
tan  3Q  =  (A  +  DT2)/(T  -8). 

More  recent  investigations  [41,  42]  in  the  3  to  36  C!;z  frequency- 
range  led  for  zero  biasing  field  to  the  expression  tan  6  =  (A  +  8T  +  DT2)/ 

/ (T  -  8),  where  8  =  3?°K,  the  parameter  A  is  determined  by  attenuation  on 
lattice  defects,  and  the  parameters  B  and  0  arise  due  to  attenuation  related 
to  anharmonic  interaction  in  the  lattice.  The  magnitude  of  parameter  A  is 
determined  by  the  number  cf  lattice  defects  (including  impurity  ions)  and 
vanishes  in  highly  pure  monocrystals,  whereas  the  parameter-  B  and  D  are 
practically  independent  of  the  production  method,  treatment  ar.d  purity  of 
the  specimen.  Tan  6  is  proportional  to  frequency  in  the  entire  3-36  GHz 
range . 

At  low  temperatures  in  riela.,  less  than,  130  V/-m  the  dependence  P(E) 
is  linear  [15,  29].  The  hysteresis  iocps  appear  only  in  the  higher  fields. 

On  this  basis  Granieber  [29]  p-oposed  that  in  the  absence  of  an  electric 
field  SrTLO.  is  in  the  paraelectric  state,  whereas  .he  application  of  a 

field  converts  it  to  a  state  energetically  close  to  ferroelectric,  i.e., 
an  electric  field  "induces"  tne  ferroelectric  »tate.  It  should  he  pointed 
out  in  this  regard  that  the  nonlinearity  of  the  dependence  P(P)  of  ferro- 
electrics  in  small  fields  is  always  relatively  weak  and  the  assumption  of 
"induced  fcrroelectricity”  would  be  more  valid  in  the  case  of  the  detection 
of  double  hysteresis  loops.  According  to  Granicher  F29],  ft  4.2CK  (f  = 

=  50  Hz,  H  *  8  kV/cr.)  P„  2  3*10-6  C/cm2,  P  2  1*10'6  C/cm2,  h  =  300-500 
V/cm.  *  rcs  c 

Weaver  [31]  analyzed  the  temperature  dependence  of  spontaneous 
polarization  of  SrTiO.  monocrystals.  This  researcher  obtained  a  smaller 

P  than  was  obtained  in  [29] : ~i  .5*10"*  C/cm2  at  1.4’K,  ana  P. %  =  670  V/cm. 

Hegenbarth  [20]  points  out  that  the  dependence  P(P)  in  fields  up  to 
12.5  kV/em  is  not  strictly  linear,  even  at  temperatures  above  80°K,  whereas 
below  80°K  weak  dielectric  hysteresis  loops  appear,  which  are  quite 
pronounced  at  20°K.  The  existence  of  hysteresis  loops  at  relatively  high 
temperatures  (~70°K)  was  also  pointed  out  by  Mitsui  and  Westphal  [24].  The 
dependence  P„  (T)  of  SrTiO,  monocry$t3ls,  determined  according  to  the 

hysteresis  lc'ps,  is  illustrated  in  Figure  19.2,  As  seen  in  the  figure, 
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the  residual  polarization  exists  in  an  extremely  wide  temperature  range, 
gradually  d;minislung  on  heating.  It  is  presumed  [36]  that  the  dielectric 
hysteresis  loops  in  SrTiO^  are  not  related  to  the  ferroelectric  state  of 

the  substance  and  are  explained  by  the  influence  of  space  charges.  This 
assumption,  however,  has  not  been  checked. 


Figure  19.2.  Temperature  dependence 
of  residual  polarization  of  SrTiO^ 

monocrystal  (according  to  Mitsui 
and  Westphal  [24]). 


The  effect  of  hydrostatic 
pressure  on  the  t  of  strontium 
titanate  was  analyzed  in  [43,  44]. 

It  was  found  that  as  pressure 
increases,  e  diminishes  according  to 
the  express-ion  e  =  C*/(p  -  p0), 

where  C*  =  12,600  kbar  and  pn  = 

=  -40  kbar  [44] . 

According  to  Granicher  [29], 
at  low  temperatures  piezoelectric 
oscillations  can  be  excited  in 
strontium  titanate  mouocrystals 
polarized  by  a  field  of  at  least 
600  V/cm. 


The  elastic  constants  of  strontium  titanate  monocrystals  were  first 
analyzed  by  Poindexter  and  Giardini  [45]  at  20°C.  The  following  clastic 
plia.  :y  coefficients  were  obtained:  =  3.3*10“13,  =  0.74*10~i3  and 

S44  =  2.1‘iO"1 3  cm2/dyne.  Bell  and  Rupprecht  [46]  measured  the  elastic 

modul’  of  SrTiO-  monocrystai  in  the  330  to  77°K  temperature  range.  At  295°K 

=  3.22*1012  dyne/cm2,  Cp  =  1.20*10t2  dync/cm2  ar.d  c^  =  1.22*1012 

dyne/cm2.  The  elastic  moduli  increase  gradually  from  20°C  to  H2°K,  where 
the  velocity  of  ultrasound  changes  notably.  For  a  transverse  wave  on  axis 
[100]  the  velocity  decreases  15%  within  the  limits  of  3°K.  Measurements  on 
axes  [111]  also  indicate  a  change  in  the  elastic  modulus  at  112°*'.  Here 
there  was  no  temperature  hysteresis,  which  indicates  a  second  order  transi¬ 
tion.  Below  the  transition  temperature  the- velocity  changes  little  all  the 
way  to  77°K.  For  a  longitudinal  wave  on  axis  [100]  attenuation  becomes  so 
great  that  measurements  cannot  be  made  below  il2°K.  The  sharp  increase  in 
attenuation  c-f  shear  and  longitudinal  waves  and  the  great  change  in  the 
velocity  of  ultrasound  in  monocrystalline  SrTiOj  was  also  noted  by 
Krcgstad  and  Moss  [47] . 

Rupprechet  and  Winter  [33,  48]  measured  the  elastic  and  electro¬ 
mechanical  constants  of  crystalline  SrTiO^  in  the  300  to  4.2°K  range.  It 

was  shown  in  this  work  that  m  addition  to  the  piezoelectric  effect,  which 
is  caused  by  the  application  of  a  hissing  electric  field,  and  which  is 
proportional  to  this  field,  crystalline  SrTiO^  displays  a  piezoelectric 

effect  in  the  absence  of  an  external  field  as  well.  Thus,  the  piezoelectric 
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modulus  in  a  stationary  electric  field  is  described  by  the  expression  d*j  - 

=  djj  +  2qj^Ej,  where  is  the  measured  and  d^j  the  true  piezoelectric 

modulus,  q3j  is  the  electrostriction  coefficient  and  E^  is  the  field 

perpendicular  to  the  length  of  a  longitudinally  vibrating  bar,  the  facets 
of  which  correspond  to  the  planes  flOO) ,  (010)  and  (001).  At  243. 3°K 

=  (1.732  t  0.0C2)*10"1 9  m2/V7,  and  d$1  =  (1.21  ±  0.27)*10‘1'*  m/V.  Here 
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Q31/(T  "  V*‘ind  d3i  =  d3i/CT  -  T2),  where  Q31  =  (6.92  ±  9.O7)*10- 
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(1  u2  ±  0.32) *10" 12  m*dej»*V"1 , 


Tj  =  (41.48  ±  0.01)°K, 


T2  =  (99, S  ±  S.8)°K. 


At  temperatures  above  the  phase  transition  temperature  T  =  102.52  ± 

±  0.031aK  the  elastic  pliancy  coefficients  diminish  slowly  on  cooling  far 
from  T^,  but  near  they  increase  sharply.  Relow  T  they  drop  sharply  and 

between  80  and  66°K  are  practically  constant.  Measurements  at  22  and  17°K 
yielded:  at  22°K  sn  =  (24. S  ±  0.3)-1012  m'/H;  at  17°K  sn  =  (9.3  t  0.6)* 

*1012  ml/N.  Considering  that  at  66°K  s^  =  5. 36 *10 12  m2/N,  the  authors 

conclude  that  the  maximum  clastic  pliancy  occurs  in  the  interval  from  66 
to  22°K,  The  final  true  piezoelectric  modulus  d^^  in  the  entire  temperature 

range  below  30t#’K  verifies  the  deviation  of  symmetry  of  the  SrTiO^  crystal 
from  cubic  at  temperatures  above  T^.  ’ 

Schmidt  and  Hegenbarth  [37]  analyzed  the  electrostriction  deformations 
and  piezoelectric  constants  d^,  d^  and  g.^  of  monocrystalline  strontium 

titanate  in  a  slowly  changing  biasing  electric  field.  They  found  that  at 
80° K  d33  and  are  linear  functions  of  E  (for  E  up  to  12  kV/cm) ,  whereas 


at  20°K  the  rate  of  increase  of  g33  slows  down 


umewhat  as  the  field  is 


increased,  and  d^3  peaks  and  then  drops  off.  The  values  of  d^j  and  g_j 

at  80°K  are  negative  and  increase  in  absolute  value  as  E  increases,  but  at 
20°K  they  increase  in  absolute  value  only  to  1.5  kV/cm,  after  which  they 
vanish  and  then  become  negative.  These  anomalies  are  tied  to  the  slow 
establishment  of  the  equilibrium  state  of  the  crystal.  The  authors 
indicate  the  presence  of  the  piezoelectric  effect  in  the  crystals  after 
the  removal  of  the  field,  uhich  vanishes  only  after  a  long  nr**iod  of  shorting 
of  the  electrodes.  The  possibility  is  not  ruled  out  that  the  existence  of 
the  piezoelectric  effeci  after  application  of  a  field  is  related  to  an 
electric  effect. 


To  explain  the  phase  transition  near  1106K  Cowley  [49]  proposed  that 
this  phase  transition  is  related  to  random  degeneration  of  two  branches  of 
the  dispersion  curves:  longitudinal  acoustic  branch  and  transverse  optical 
branch  of  lowest  frequency.  This  assumption,  however,  is  taken  to  task 
[48].  The  anchors  indicate  that  if  such  degeneration  were  the  cause  of 
the  transition,  then  the  transition  temperature  T  would  depend  notably 
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on  the  strength  of  the  biasing  field,  but  in  reality  thire  is  no  such 
dependence. 

Horner  [50]  considers  that,  a  new  type  of  excitation  can  be  viewed 
as  the  cause  of  this  phase  transition  at  110°K:  the  bonded  state  of  two 
ferroelectric  soft  phonons,  the  frequency  of  which  becomes  zero  at  T  . 

This  excitation  represents  vibrations  of  ion  quadrupole  moments  propagating 
in  the  crystal.  Horner  points  out  that  this  excitation  could  be  detected 
experimentally  near  T  according  to  the  second  order  Raman  scattering. 

It  is  noteworthy  that  strontium  titanate  has  been  the  object  of 
numerous  investigations  of  optical  spectra,  theoretical  and  experimental 
analysis  of  lattice  vibrations  and  experimental  checking  of  dynamic  theory 
[51-77].  Many  works  have  been  devo'ed  to  analysis  of  EPR,  NMR  and  the 
Messbauer  effect  in  SrTiO^  [78-85],  analysis  of  lattice  defects,  semi¬ 
conductor  properties,  superconductivity  and  luminescence  [86-110].  There 
are  also  measurements  of  thermal  conductivity  ana  the  eleccrocaloric  effect 
[111-114],  Certain  works  are  devoted  to  discussion  of  the  polarization  of 
ions  in  strontium  titanate  [115,  117]. 

By  way  of  summarizing  the  results  discussed  above,  we  point  out 
that  several  phase  transitic  is  occur  in  strontium  titanate  during  cooling, 
of  which  the  one  at  100-1 10°K  is  nonferroelectric ,  whereas  the  nature  of 
the  phase  transitions  at  lower  temperatures  is  not  clear.  The  character 
of  the  dependence  of  e  on  T  and  E  is  satisfactorily  explained  in  Barrett's 
theory  by  the  paraelcctric  behavior  of  SrTiO^  and  does  not  require  assump¬ 
tions  concerning  the  presence  of  the  ferroelectric  phase  transition.  Never¬ 
theless,  low-temperature  phase  transitions  do  occur  in  SrTiO.  at 

temperatures  of  the  order  of  50°K,  and  there  is  little  reason  to  deny  their 
ferroelectric  origin. 

2.  Lead  Titanate 

The  x-ray  -diffraction  analysis  done  by  Megaw  in  1946-1947  showed 
that  lead  titanate  (PbTiO.)  has  a  tetragonal ly  distorted  lattice  at  20°C 

with  a  high  degree  of  distortion:  c/a  -•  4.141/3.891  =  1.0635  [118,  119]. 
Jonker  and  van  Santen  [120],  discovering  that  the  temperature  of  the  ferro¬ 
electric  phase  transition  in  solid  solutions  (Ba,  Pb)TiQ.  and  (Sr,  Pb)TiO, 

increases  as  the  concentration  of  lead  titanate  increases,  proposed  that 
PbTiO^  is  a  ferroelectric.  However,  the  first  experimental  evidence  for 

the  existence  of  a  ferroelectric  phase  transition  in  PbTiO.  near  500°C 

was  obtained  by  Smolenskiy  [2-4,  121]  and  Shlrane,  et  al  [122,  123] 
working  independently. 

X-ray  diffraction  analyses  confirm  Megaw* s  results  or.  the  tctr-gonal 

distortion  of  the  PbTiO.  lattice  at  room  temnerature  and  yield  close  values 

o 


of  the  parameters  c  and  a  and  the  ratio  c/a  [122-126],  At  a  higher 
temperature,  as  seen  in  Figure  19.3,  the  constant  a  increas'es  smoothly  and 
c  diminishes.  Here  the  volume  of  the  nucleus  and  the  ratio  c/a  decrease. 

At  temperatures  close  to  ','0oC  (490-510JC)  c  and  a  change  sharply  ana  the 
lattice  becomes  cubic.  The  phase  transition  to  the  cubic  phase  is 
accompanied  by  a  substantial  reduction  of  volume.  The  sharp  change  of 
parameters  in  the  region  of  the  transition  suggests  a  first  order  phase 
transition.  It  was  established  that  conversion  to  the  rhombic  and  rhombo- 
hedral  phases,  analogous  to  the  low-temperature  phase  transitions  in  barium 
titanate  [123],  do  not  exist  in  PbTiO„.  Av  lower  temperatures,  however, 

phase  conversions,  apparently  of  a  different  nature,  do  occur  [127,  129]. 
a.tli) 


Figure  19.3.  Temperature  dependence  of  lattice  para¬ 
meters  of  PbTiO,  (according  to  Shirane,  et  al  [123]): 

a  --  lattice  periods  and  volume  of  nucleus;  b  — 
ratio  c/a. 

X-ray  diffraction  analysis  showed  that  when  specimens  are  slowly 
cooled,  a  phase  transition  occurs  near  -1009C,  in  whicl  the  values  c  and  a 
change  and  superstructure  lines  appear,  which  could  be  identified  on  the 
assumption  thal  a'  =  4a  and  c*  *  4c,  where  a  and  c  are  the  former  lattice 
parameters.  During  the  transition  there  is  a  reduction  in  the  volume  of 
the  elemental  nucleus.  Analysis  of  the  temperature  dependence  of  e  of 
lead  titanate  during  slow  cooling  (ft,5*C  per  mirutc)  revealed  two  very 
small,  but  distinct  jumps  in  e  at  -100  nnd  -I30°C.  The  jump  of  c  at 
-100°C  agrees  satisfactorily  with  the  phase  transition  at  -100eC.  revealed 
by  x-ray  diffraction  analysis.  The  existence  of  the  transition  at  -150°C 
has  not  been  checked  by  x-ray  diffraction  analysis.  A  change  in  the  slope 
of  the  curve  e(T)  was  also  noted  r>«--ar  -60*C.  The  authors  [127,  128]  feel 
that  the  transitions  in  P'nTiO^  a  iftft  and  -ISO’C  sic  similar  to  the  phase 

transitions  of  buckling  found  by  Cross  and  Nicholsc-r.  in  NaHbQ,  at  47ft  and 
52f)°C. 

The  great  .volumetric  spontaneous  deformation,  determined  by  the 
change  in  (aJc)1  3  (Figure  19.3a)  causes  the  linear  expansion  coefficient 
a  of  a  polycrystalline  specimen  to  become  negative  in  the  ferroelectric 


state  in  a  wide  temperature  range  (121,  i 24],  At  -30°C  there  are 
discontinuity  on  the  curve  &l/l(y)  and  maximum  on  the  curve  a(T).  Smolenskiy 
(121 ]  proposes  that  this  anomaly  in  volumetric  expansion  is  related  to  a 
low-temperature  phase  transition.  This  is  apparently  one  of  the  low- 
temperature  phase  transitions  described  in  (127-129],  The  transition  to 
the  low-temperature  modification,  according  to  both  dilatometric  data  [121] 
and  the  results  of  x-ray  diffraction  analyses  [127],  takes  place  with  a 
reduction  of  volume.  The  difference  in  the  transition  temperatures  may  b« 
related  to  the  fact  that  the  measurements  in  (127]  were  made  during  cooling 
and  in  [121]  during  heating.  The  relative  elongation  of  PbTiO^  mono¬ 
crystals  [132],  in  addition  to  the  anomaly  at  the  Curie  point,  also  mani¬ 
fests  an  anomaly  in  the  370-4S0°C  temperature  range.  This,  however,  does 
not  agree  with  the  results  of  measurements  on  polycrystalline  specimens 
[121,  124],  although  it  does  find  some  confirmation  in  the  results  of 
measurements  of  the  temperature  dependence  of  e  of  polycrystalline  PbTiO^ 

with  mineralizers  [4],  The  anomalies  in  this  temperature  region  are  most 
likely  not  characteristic  of  pure  lead  titanate  and  are  caused  by 
contaminants. 


Shirane,  Pepinsky  and  Frazer  [130,  131]  conducted  an  x-ray  diffraction 
analysis  of  monocrystals  and  neutron  radiographic  analysis  of  polycrystalline 
PbTiO,  specimens  at  room  temperature  and  determined  the  displacement  of  ions 

from  symmetric  positions.  For  the  case  when  the  Pb  ion  is  used  as  the 
origin  of  the  coordinate  system  and  the  centers  of  the  ions  are  placed  at 
points  with  the  coordinates.’  Pb:  (000),  Ti:  (1/2,  1/2,  1/2  +  6z,j,.), 

Oj  (1/2,  1/2,  SzQ^)  and  0^:  (1/2,  0,  1/2  +  Sz^),  the  followinE  values  of 

5z  were  obtained:  6zT-  =  +0.040,  =  +0.112,  =  +0.112  or  (in 

angstroms):  $zyi  ®  +0.17  A,  SzQ  =  +0.47  A,  -Sz0^  =  +0.47  X.  However,  since 

<5zq^  =  zt  zs  roore  convenient  to  place  the  origin  of  the  coordinate 

system  at  the  center  of  the  octahedron  (Figure  19.4).  Then  Sz^  =  0, 

6zTi  =  +0.30  A,  SZpb  =  +0.47  X,  i.e.,  the  Ti  and  Pb  ions  are  displaced  in 

the  same  direction  in  relation  to  the  oxygen  octahedron.  The  authors  point 
out  that  these  displacements  are  much  larger  than  those  of  Ba  and  Ti  in 
barium  titanate.  Calculation  on  the  basis  of  neutror  radiographic  data 
of 

crystal , 
yield: 


>arium  titanate.  calculation  on  cne  nasis  or  ncutror  raorugi u<iu 
>f  the  ionic  part  of  spontaneous  polarization,  assuming  a  purely  ionic 
:rystal,  yields  54*10”*  C/cm2,  whereas  the  analogous  calculation  for  3aTiO„ 
fields  for  its  value  1?»10'6  C/cm2. 


Calorimetric  analysis  of  lead  titanate  was  undertaken  in  wt  .s 
[124,  i."',  134].  The  heat  capacity  passes  through  a  sharp  peak  at  the 
Curie  point.  The  latent  heat  of  transition  is  1,150  cal/molc  [124,  133], 
The  corresponding  change  in  entropy  is  -0.80  R,  where  R  is  the  universal 
gas  constant.  According  to  f 1 34 1  the  heat  of  transition  is  900  cal/mole. 
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The  refraction  coefficient  of 
PbTiOj  monocrystals  was  analyzed  in 

[125,  126,  135].  The  mean  refraction 
index  was  investigated  using  a 
selenium-sulfur  alloy.  It  was 
established  that  the  refraction  index 
differs  for  crystals  grown  by 
different  methods,  and  at  room 
temperature  varies  from  2.65  to  2.71. 

The  birefringence  of  PbTiO_ 

[131,  136] oat  room  temperature  for 
X  =  5,896  A  is  0.01,  gradually 
increases  on  heating,  reaches  a 
maximum  value  of  0.018  at  400!SC, 
diminishes  to  0.012  near  the  Curie 
point,  and  suddenly  vanishes  at  the 
transition  point.  More  recent  measurements  verified  this  character  of  the 
temperature  dependence,  but  showed  that  birefringence  varies  from  crystal  to 
crystal  and  can  be  much  lower  for  twinned  crystals  than  for  single-domain 
crystals  [137].  Despite  the  fact  that  spontaneous  deformation  is  much 
greater  s'  ’ead  titanale  than  in  barium  titanate,  its  birefringence  is  only 
about  one-third  that  of  the  latter  J 138] .  This  fact,  like  the  nonmonotonic 
character  of  the  temperature  dependence  of  birefringence  of  PbTiO„,  is 

possibly  relate-'  to  overlapping  of  the  electron  shells  of  the  ions  in  the 
presence  of  great  spontaneous  polarization  [139].  It  should  be  recalled 
that  the  spontaneous  birefringence  of  PbTi0_  was  calculated  [140]  and  it 

was  found  that  lead  titanate  should  be  optically  positive,  even  though  this 
disagrees  with  experimental  data.  The  correct  sign  was  obtained  in  the 
calculation  c'nductcd  in  [141]. 

The  domain  structure  of  PbTiO.  was  first  analyzed  by  Fesenko  [126], 

who  observed  polysynthetic  twinning  on  (101)  and  (Oil),  Domain  width  was 
0.1  to  10  micron.  The  angle  between  the  domain  walls  and  crystal  facet 
(a  =  46°45’)  coincided  satisfactorily  with  the  calculated  value.  On  heating 
above  400°C  rearrangement  of  the  domain  structure  begins  and  near  S00oc 
the  domains  vanish.  On  cooling  a  simpler  domain  structure  appears.  In 
most  cases  the  area  of  layers  of  the  monocrystal  filled  with  c-domains  is 
small,  and  heating  above  the  Curie  point  leads  to  disappearance  of  c-doraains 
[128,  142].  Analysis  of  the  temperature  at  which  the  domain  structure 
vanishes  and  appears  [137]  showed  that  the  temperature  hysteresis  of  the 
phase  transition  reaches  3-48C.  In  a  crystal  broken  down  into  90°  domains 
reorientation  of  the  domains  begins  at  20°C  only  when  F.  =  14-17  kV/cm  [127], 
This  process,  however,  does  not  proceed  to  completion  due  to  rupture  of  the 
crystal  with  a  further  increase  in  the  field.  When  a  field  of  10.5  kV/cm 
is  applied  to  a  single-domain  crystal,  wedges  are  formed,  comprising  an 
angle  of  45°  with  the  direction  of  the  field  and  cutting  through  the  entire- 
crystal  in  1-1.5  sec.  After  0.5-1  nin  the  entire  crystal  consists  of  two 
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Figure  19.4.  Elemental  nucleus  of 
PbTiO^  with  origin  of  coordinate 

system  at  center  of  oxygen  octa¬ 
hedron  (b)  compared  £o  elemental 
nucleus  of  BaTiO^  (a)  (according  to 

Shirane.  et  al  [131]). 


domains.  Strengthening  of  the  field  caused  displacement  of  the  boundary 
through  the  crystal,  and  elimination  of  the  field  caused  motion  in  the 
opposite  direction  until  the  entire  crystal  became  single-domain. 

The  dielectric  and  piezoelectric  properties  of  lead  titanate  have 
been  analyzed  to  a  much  lesser  exteir  than  those  of  many  other  ferroelec- 
trics.  The  reason  for  this  is  tha;  .e  production  of  well  sintered  poly¬ 
crystalline  specimens  of  lead  titc.-ate  is  impeach  by  the  volatility  of  lead 
oxide  ;  high  temperatures.  losses  of  PbO  during  roasting  lead  to  disrup¬ 
tion  01  the  stoichiometric  ratio  of  the  oxides.  Until  this  day  it  has  not 
been  possible  to  produce  well  sintered  lead  titanate  ceramics  without  using 
mineralizing  additives.  At  room  temperature,  moreover,  the  coercive  field 
cf  lead  titanate  is  very  strong  and  the  domains  can  be  completely  reoriented 
only  ir.  extremely  high  fields,  exceeding  the  presently  attainable  electric 
strength  of  the  specimen.  At  the  same  time,  the  rapid  increase  in  electrical 
conductivity  and  reduction  of  electric  strength  during  heating  orohihits 
reorientation  of  domains  at  high  temperatures,  close  to  t:ie  Curie  point, 
where  E„  is  lower.  Therefore  spontaneous  polarization  and  the  piezoelectric 

properties  of  pure  PbTiO^  have  not  yet  been  measured, 

'The  permittivity  of  PbTiO,,  measured  in  weak  fields,  increases  during 

heating  and  peaks  in  tne  region  of  490-510°C.  The  permittivity  of  ceramics 
with  considerable  porosity  [73]  is  50  at  room  temperature.  It  was 
established  during  investigation  of  the  ceramics  that  above  the  Curie 
temperature  the  Cuvie-h'eiss  law  is  obeyed,  where  C  =  l.l*10SoC,  and  8  = 

=  420°C  [124]  and  C  =  1.54»10S’C,  0  =  490*C  [126]. 

The  dielectric  properties  of  lead  titanate  mcnocrystals  were  first 
analyzed  by  Belyayev  and  Khodakov  [143].  Permittivity  at  room  temperature 
was  found  to  be  170.  It  was  found  that  at  radio  frequencies  C  depends 
little  on  frequency  and  increases  notably  only  on  transition  to  low 
frequencies.  The  electrical  conductivity  increases  both  with  increasing 
temperature  and  with  increasing  field.  The  ent-rpy  of  activation  was  found 
to  be  1.06  eV  for  the  investigated  crystals,  grown  from  a  mixture  of  PbO, 

V,0_  and  Ti07. 

More  recent  measurements  [ 1 25 J  showed  that  £  at  room  temperature 
depends  strongly  on  the  method  of  growing  The  crystals  and  varies  from 
75  to  150.  The  permittivity,  measured  ir.  a  weak  variable  field,  does  not 
depend  on  the  strength  of  a  simultaneously  applied  stationary  field  up  to 
E  =  50  kV/cm .  According  to  Bhide,  et  al  [158],  the  permittivity  of  mono- 
ervstalline  PbTiO^  is  equal  at  10  kHz  to  30  at  room  temperature  and  ~10,000 

at  495nC.  Above  the  Curie  temperature  the  Curic-Keiss  law  is  valid,  with 
C  =  1,1* 10s  and  9  =  485°C  (Figure  19.51. 


Introducing  various  additives  to  lead  titanate  in  the  quantities 
0,1,  0.5  and  1%,  Tien  and  Carlson  [144]  wore  able  to  obtain  relatively 
well  sintered  ceramics  (with  a  porosity  of  up  to  94-95.5*  of  the  theoretical). 
For  ceramics  with  a  1  mole  *  additive  of  CaF,  they  obtained  a  piezoelectric 
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modul is  =  130*10*5'  C/N  =  3,9*10“6  CGSH.  The  densest  PhTiU^  ceramics 

were  obtained  by  adding  1-2  mole  %  MnO,  [145].  Here  e  =  210-280,  tan  d  = 

*  0,0075-0.008,  k  =  4-5%  at  20°C  and  the  electric  resistance  is 
p 

10l2-5*10l*  ohm*cm. 

Last  [63]  and  Yatsenko  [36]  analyzed  the  optic  absorption  spectra 
of  lead  titanate.  Last  found  absorption  bands  v.  and  v?  at  590  and  405  cm'1, 

and  Yatsenko  at  575  and  420  cm  ?  It  follows  from  these  data  that  the  force 
constant  k  for  valent  vibrations  is  (1 ,04-l.4)*105  dyne/cm,  the  effective 
charge  of  the  vibrating  system  is  0  =  (1.57-i.8)e,  and  for  deformation 
vibrations  k  =  (0.60-Q.76'iJl0i  dyne/cm,  Q  =  (1.3-l,S)e. 

Blokhin  [146,  147],  on  the  basis  of  analysis  of  the  x-ray  K.-spectrum 
of  absorption,  proposes  that  the  bond  of  the  atoms  Ti  and  0  in  PbTiO^  are 

basically  covalent,  which  the  author  attributes  to  the  substantial 
polarizing  action  of  Pb  atoms  on  Ti  and  0  atoms.  The  author  concludes  that 
lead  titanate  is  an  electron  semiconductor,  in  which  electrical  conductivity, 
governed  by  the  transition  of  electrons  from  the  3d-  to  the  4s,  p-band, 
should  increase  sharply  when  the  temperature  is  increased. 

Kabalkina  and  Vereshchagin  [148]  analyzed  the  effect  of  hydrostatic 
pressure  (up  to  18,000  kg/cm)  on  crystal  lattice  parameters.  They 
established  that  when  the  pressure  is  increased,  parameter  a  increases 
linearly  with  pressure,  and  parameter  c  decreases  linearly  (at  p  =  18,000 
hg/c®  Ac  =»  -0.10  X,  Aa  =  +0.01  X) ,  in  ~onnection  with  which  the  ratio  c/a 
decreases.  The  dependence  of  6c  or.  pressure  can  be  represented  in  the  form 
At/c  *  -14.3* 10"7  p.  Extrapolating  their  data,  the  authors  reached  the 
conclusion  that  the  phase  transition  to  the  nonferroclcctric  state  at  20°C 
should  occur  at  pressures  of  the  order  of  27,000  kg/ cm',  and  he-'ce  assutc 
dT  /dp  =  18*10 ~3  deg/atm. 

Also  noteworthy  are  several  works  on  analysis  of  PbTiYL  with  the  aid 
of  optic. *  spectra,  EPR,  diffusion  of  slow  neutrons  [55,  56,  S3,  149-151], 

The  first  attempt'  to  explain  the  high  Curie  temperature  of  PbTiO. 

was  undertaken  by  Smolenskiy  [3],  who  explained  the  properties  of  lead 
titanate  by  the  features  cf  the  electron  shell  of  the  Pl>2+  ion,  which 
differs  sharply  from  the  electron  shell  of  alkaline-earth  ions  and  which 
is  responsible  for  the  considerably  more  pronounced  covalent  character  of 
the  chemical  bond  in  lead  titanate.  Megaw  [152],  stressing  the  importance 
of  the  partially  covalent  character  of  bonds  in  PbTxCL,  notes  that  the 

hoseopolar  system  of  bonds  in  PbO  plays  an  important  role,  and  the  Pb-0 
bonds  in  PbO  form  a  shallow  tetrahedron  with  the  lead  atom  at  the  vertex. 

The  displacement  if  the  lead  atom  in  PbTiO_  relative  to  the  center  of  the 

oxygen  polyhedror  surrounding  it  causes  the  four  oxygen  atoms  lying  in  the 
plane  perpendicular  to  f_,  tc*  form  with  the  lead  a  tetrahedron  similar  to 


the  one  seen  in  PbO.  Thus  the  large 
ratio  c/a  and  high  Curie  temperature 
according  to  Megaw,  are  explained  by 
the  formation  of  directional  bonds 
by  the  lead  atom.  Belyayev  also 
shares  this  point  of  view  [153]. 

Venevtsev,  et  al  [154] 
calculated  the  internal  field  and 
spontaneous  polarization  of  PhTiO^ 

in  the  tetragonal  phase.  The  dis¬ 
placements  of  ions  were  taken  from 
[131],  It  was  assumed  that  the 
charge  of  each  ion  is  one-half  the 
charge  that  would  occur  in  a  purely 

ionic  crystal,  i.e.,  the  charge  +2  is  ascribed  to  the  titanium  ion,  +1  to 
the  lead  ion  and  -1  to  the  oxygen  ion.  The  origin  of  the  coordinate  system 
is  placed  at  the  center  of  the  titanium  ion.  The  calculation  yielded  the 
spontaneous  polarization  of  PbTiO.  (90.5*10~6  C/cm2),  numerical  expression 

for  the  contribution  of  electronic  and  ionic  polarization  of  individual 
ions  to  spontaneous  polarization,  and  the  internal  field  acting  on  the 
various  ions: 


Figure  19.5.  Temperature  dependence 
of  e  and  1/e  of  monocrystalline 
PbTiO^  at  10  kHz  in  weak  fields 

(Bhide,  et  al  [138]) . 
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Hence  it  is  clear  that  the  greatest  contribution  te  spontaneous 
polarizatir  .  comes  from  0^  ions,  and  the  smallest  from  Ti  ions.  It  should 

be  pointed  cut,  however,  that  since  the  contribution  of  the  various  ions 
to  the  ionic  part  of  spontaneous  polarization  depends  on  the  choice  o*‘  the 
coordinate  origin,  the  contribution  of  t'.. .  ions  to  spcr.tanecus  polarization 
will  also  vary,  depending  on  where  the  authors  place  the  origin  of  the 
coordinate  system.  Approximately  70%  of  spontaneous  polarization  is 
ascribed  to  the  electronic  component.  Despite  the  obvious  usefulness  of 
such  calculations,  a  careful  attitude  should  he  taken  toward  the  results, 
in  view  of  the  arbitrary  choice  of  the  effective  charges  of  the  ions,  duo 
to  the  lack  of  reliable  information  concerning  the  electron,  polarizability 
of  the  various  ior.s  in  the  crystal  lattice,  and  several  other  assumptions 
in  the  calculation. 

T  -  important  role  of  the  high  electron  polarizability  of  the  Pb~ 
ion,  determined  by  the  unshared  pair  of  6s-electTons,  which  in  many  compound 
including,  probably,  PbTiO_,  displays  stoichiometric  activity,  is  stressed 

in  [155] .  Also  noted  is  the  possibility  that  in  lead  titanate,  possessing 
a  large  share  of  covalent  bonds,  dipole  moments  may  occur  as  a  result  of 


these  bonds.  l\  is  also  stated  that  the  partially  covalent  character  of 
bonds  in  PbTiOj  may  increase  ion  polarizability  of  the  crystal  lattice, 

decreasing  the  recurrent  forces  and  giving  the  vibrations  of  the  Lons  an 
anhannonic  character  [ ' So j . .  It  is  further  noted  that  odd  nybrid  states, 
in  which  participate  the  6s-  and  69-crbits,  as  a  result  of  antisymmetric 
excitations  [157],  can  occur  in  PbTiO^,  and  these  can  create  a  dipole 

moment,  increasing  the  ion  polarizability  and,  consequently,  permittivity. 
Thus,  electrostatic  forces  of  dipc1 e-dipole  interaction,  which  are  great 
due  to  the  high  electron  and  ion  polarizabilities  of  the  crystal  lattice, 
are  stated  in  [155]  as  the  main  cause  of  the  high  Curie  temperature  of  lead 
titanate.  The  high  magnitude  of  these  polarizabilities,  in  turn,  is 
related  to  the  specific  structure  of  the  electron  shell  of  the  Pb^*  ion 
and  partially  covalent  character  of  the  bond. 

3.  Cadmium  Titanate 


The  ferroelectric  properties  of  cadmium  titanate  (CdTiO^)  were 

discovered  by  Smclenskiy  [2,  3],  according  to  whose  data  transition  to  the 
ferroelectric  state  takes  place  at  approximately  50°K.  At  room  temperature, 
nevertheless,  CdTiO^  has  a  rhombically  distorted  structure  of  the  perovskite 

class  rather  than  a  cubic  structure.  According  to  Megaw  [158],  the  nucleus 
is  doubled  or  all  three  r.hombi^  axes  and  the  lattice  parameters  are:  a  = 
10.695,  b  =  7.615,  c  =  10.834  A. 

More  recent,  x-ray  diffraction  analyses  of  CdTiO^  [159],  performed 

on  monocrystals,  showed  ~hat  doubling  occurs  only  on  the  b  axis  and  the 
lattice  paiameters  are:  a  =  5.438,  b  »  7.615,  c  *  5.417  X.  The  rhombic 
elemental  nucleus  contains  four  ''molecules’'  of  CdTiO^.  Either  Pcmn  or 

Pc2jn  are  possible  spatial  groups.  The  authors  relate  the  symmetry  of 

CdTiO^  to  the  polar  group  Pc2^n.  Hence  they  find  the  displacements  of  ions 

in  the  elemental  nucleus  of  CJTiO^  at  20SC  (Table  25).  According  to  [159], 

all  displacements  of  0,^  ion  on  the  y  axis  are  identical  with  respect  to 

magnitude  and  sign,  and  the  same  applies  to  displacement  of  0TTT  ions. 

Ill 

However,  &yri  =  -0.03  and  Ay„  =  h7.07.  While  the  dipole  moments 
II  -’in 

created  by  the  displacements  of  all  other  ions  arc  mutually  compensated, 
the  components  of  dipole  moments  of  ions  0^.  and  0^  on  the  v  axis  are 

mutually  uncompensated.  It  follows,  thoreiore,  from  Table  25  that  the 
elemental  nucleus  of  CdTiO.  displays  3  dipole  moment  at  room  temperature. 

It  should  be  borne  in  mind,  however,  that  the  choice  of  the  polar  group 
Pc2,r.  was  made  only  on  the  basis  cf  x-r-xy  diffraction  data  without  checking 

for  the  presence  of  piczu-  or  pyroelectric  properties. 


Table  25.  Coordinates  of  Ions  in  Cadmium  Titanate 


Position  of  Ions 


“*  I  \ 
0,1  1  \ 


0+0.036  ! 

0-0.000 

1/ 2+0.006 

1/2—0.000 

3/4  j 

1/4 

1/4 

3/4 

0+0.006 

0-0000 

1/2—0.016 

1/2+0.010 

1/2+0.005 

1/2-0.005 

0+0.005 

0-0.005 

0 

1/2 

1/2 

0 

0-0.065 

! 

0+0.065 

1/2+04)65 

1/2-0.005 

0-0.03 

0+003 

1/2+0.03 

1/2-0.03 

3/4 

1/4 

3/4 

1/4 

1/24+1.05 

1/2—04)5 

0+04)5 

0-0.05 

1'4+0.C5 

1/4—04)5 

3/4— C  05 

3/4+0.05 

0—0.03 

0-0.03 

1/2-0.03 

1/2-0.03 

i/4+0.06 

3/4+0.06 

3/4-0.06 

1/4-0.06 

5/4+005 

1/4-04)5 

3/4-04)5 

3/4+04)5 

5/1+0.07 

1/2+04)7 

0+0.07 

0tG4!7 

1/4+0.06 

3/4+0.00 

3/4—0.06 

1/4—04)0 

Error 


According  to  Smolenskiy’s  data  [2-4],  z  of  polycrystalline  cadmium 
titanate  increases  with  cooling  and  peaks  at  a  temperature  of  50°K,  below 
which  CdTiO^  displays  ferroelectric  properties.  Hegenbarth  conducted  a 

more  thorough  analysis  [34] .  He  measured  the  z  (at  800  Hz  and  50  V/cm) 
of  polycrystalline  CdTiOj  specimens,  sintered  at  1,250°C,  in  various  biasing 

fields  (Figure  19.6).  The  permittivity,  equal  to  -900  at  80°K,  increases 
to  2,300  at  50  ±.0.5°K,  and  then  drops  again.  As  seen  in  Figure  19.6,  it 

is  strongly  dependent  on  the  direc¬ 
tion  of  the  field.  At  20.4°K  z  is 
3X3  \  1,490,  and  at  lO^K  t  =  1,200. 

V  Below  the  Curie  point  dielectric 

isoc  ■  isX  hysteresis  loops  are  seen.  Hegen- 

■jj\\  barth  [160]  also  analyzed  the 

electrocaloric  effect  of  polycrystal - 
««3 line  CdTiO,  specimens  at  59.7,  68.6 

and  73.7°K.  Its  magnitude  is  low 

*/»  ■  due  to  the  sufficiently  high  entropy 

of  the  lattice  at  these  rather  high 
X  temperatures. 


im  ■ 

izZTfcr 


Rhombic  distortion  of  the 

Figure  13.6.  Teraperctme  dependence  CdTi0>  n;'cle,,s  is  regarded  [101]  a-, 
of  permittivity  of  polycrystalline  the  result  of  buckling  phase  transi- 
cadmium  titanate  tn  various  sta-  tion  that  occurs  at  high  temperatures, 

tionarv  bissing  fields  (according  and  the  phase  transition  at  S0°K  is 

to  Hegenbarth  [34]).  regarded  as  a  transition  to  the 

ferroelectric  state.  The  opinion  is 
advanced  in  [162]  that  CdTiO.,  oven  at  room  temperature,  is  a  ferroelectric. 

The  electric  moments  of  various  ions  in  the  CdTiO^  lattice,  attributed  to 
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noth  ionic  and  electronic  polarizat'.n  at  2:)°C,  were  calculated  in  [118]. 
For  this  purpose  data  [1591  on  the  positions  of  ions  in  the  elemental 
nucleus  and  the  structural  coefficients  calculated  for  nor, displaced  im¬ 
positions  were  used.  The  charge  of  the  cadmium  ion  was  ^et  at  +1,  +.'  ,s 
ascribed  to  titanium  ar.d  -I  to  oxvgen.  The  spontaneous  polarization  calcu¬ 
lated  with  the  stated  prerequisites  is  IS  *  1 C/cm2,  and  the  contribution 
of  electronic  polarization  is  52°;.. 


Poiycrysia! lino  specimens  of  CdTiO^  have  a  t  peak  [lo.3]  at  %0°C, 


£ 


-  ad  solutions  (Cd,  Sr)Ti03,  (Cd,  Li)(Ti,  Nb)0  and  (Cd.  Li)(Ti,  Ta)0. 

have  c  peaks  in  the  750-1, 000°C  region.  It  is  reported  that  dielectric 
hysteresis  loops  were  observed  in  these  specimens  at  around  room  temperature; 
these  hysteresis  loops  vanished  at  110°C.  Hence  it  is  concluded  [ 163]  that 
at  %0°C  an  antiierroelectric  transition  occurs  in  CdTiO,,  and  at  100cC 

there  is  a  transition  from  the  anti  ferroelectric  state  to  the  ferroelectric 
state.  However,  Poplavko  reported  at  the  sixth  All-Unicn  Conference  on 
Ferioelectricity  the  results  of  I*Iir  measurements  of  CdTiO,  specimens  in  a 

wide  temperature  range.  According  to  his  data  e  of  cadmium  titanate 
decreases  monoto.iically  between  20  and  l,P0O°C  and,  consequently,  no  e 
peaks  were  observed  in  this  temperature  region. 

Thus,  there  are  two  points  of  view  at  this  time:  one  consists  in 
the  fact  that  the  distortion  of  the  CdTi03  lattice  at  room  temperature  is 

a  result  of  a  buckling  transition,  and  the  other  ascribes  rerrueluctrieity 
and  antiferroeirctricity  to  CdTiO,  in  the  t  iperature-  range  up  to  9oO°C. 

In  this  regard  it  is  noteworthy  first  of  all  that  the  geometric  criterion 
of  CdTiO,  (t  =  0.88)  is  much  less  than  unity  and  about  the  same  as  that  of 

calcium  titanate,  where  the  buckling  phase  transition  occurs  at  temperatures 
of  the  order  of  1,000°C.  Thus,  at  more  or  less  high  temper; tures  a  buckling 
phase  transition  n^y  take  place  in  caumium  titanate,  similar  to  the  phase 
transition  that  occurs  in  CnTiO,.  Secondly,  the  character  of  the  temperature 

dependence  of  e  below  rcom  temperature  (figure  19.6)  is  more  typical  of  the 
phase  transitions  from  the  p~rae lee  trie  phase  to  the  Ferroelectric  phase 
than  of  the  transition  from  one  ferroelectric  phase  to  another.  Hurd, 
since  the  measurement  technique  wa;.  not  described  [163]  and  interpretation 
of  the  results  of  dielectric  measurements  at  temperatures  of  906-1 ,0C0°L 
requires  grea<  care,  and  since  Poplavko’s  results  do  not  agree  with 
other  ci'.ta  [163],  the  validity  o:  the  conclusions  [l'5j  is  doubtful. 

Therefore  the  viewpoint  which  regards  rhc;shic  distortion  of  the  CdTiO, 

nucleus  at  room  temperature  as  the  result  of  a  high-tsnnerature  buckling 
transition,  -aused  by  the  nonconformity  of  the  relatively  small  cadmium 
ion  with  the  geometric  requirements  of  th"  periccc  perevskite  tync  lattice, 
is  preferable  at  this  time. 


4,  Sodium-Bismuth  and  Potassium-Bismuth  Titanates 


The  ferroelectric  properties  of  NaBi-titanate  (Na^  j.BiQ  j.TiO^)  ar.d 
KBi-titanate  (K^  gBifl  gTiO^)  were  discovered  by  Smolenskiy,  et  at  [  1 55 j . 

Preliminary  x-ray  diffraction  analysis  [155]  indicated  that 
NaQ  cBi^  gTiO^  crystallizes  into  a  perovskite  type  structure,  and  at  20°C 

the  lattice  parameters,  calculated  in  the  assumption  of  a  cubic  lattice, 
were  found  to  be  a  =  3.88  X.  Data  concerning  the  phase  transitions  in 
sodium-bismuth  titanate  were  obtained  from  the  results  of  dielectric  and 
dilatometric  analyses  (Figure  19.7).  According  to  th>.  *mperatures  of  the 
peak  and  discontinuity  on  the  curve  e(T)  and  jumps  of  the  linear  expansion 
coefficient  of  polycrysralline  specimens,  it  was  found  that  the  Curie 
temperature  is  ~320°C,  and  a  low-temperature  phase  transition  o« curs  in 
the  vicinity  of  200°C. 

The  x-ray  diffraction  patterns  of  NaBi-titanate  lack  superstructure 

lines  [164],  indicating  the  unordered  distribution  of  Na  and  Bi  ions  in 

the  nodes  with  the  coordinate  number  12,  which  concurs  with  experimental 

results  [155].  Slight  separation  of  some  of  the  lines  was  noted.  Caicula 

tions  showed  that  Nart  cBi,.  „TiO,  has  a  rhombohedra'ily  distorted  lattice 
0.5  O  •  a  3 

at.  room  temperature  with  the  parameters  a  =  3.891  ±  0.02  A,  a  ,  -  89° 36'  ± 
i  3'  and  V  =  58.7  t  0.1  M 


Figure  19.7.  Temperature  dependence 
of  e,  tan  5,  relative  change  of 
length  and  thermal  expansion 
coefficient  of  polycrysralline 
Na^  <.Bi0  -TiO^  (according  to 

Smolenskiy,  c-t  ul  [155]):  i  -- 
C  at  500  kHz;  2  --  hljl\  3  --  a; 

1  t,.n  5  at  1  VHz. 


A  well  formed  and  nearly  rectangular  hysteresis  loop  is  seer:  during 
analysis  of  polycrystal  line  specimens  of  N'aBi  titanate  in  str-cr.g  electric 
fields  [1551.  At  il6°C  P  «  8.0*tiTc  C/cm2,  I:  =  14  k\/cm. 

It  is  pointed  out  [155]  that  the  use  of  the  ion  radii  presented  in 
[121]  yields  a  structural  factor  t  equal  to  0.91  far  NaBi-titanate,  and 
since  the  antiferroelectric  state  is  more  characteristic  of  compounds  with 
t  much  less  than  one,  it  could  be  expected  that  this  compound  will  be  an 
anti  ferroelectric.  The  fart  that  NaBi-titanate  is  a  ferroelectric  is 


attributed  to  the  large  average 
dipole  moment  of  A  ions,  wb-ch 


governs  the  high  e’ectron  polariz¬ 
ability  of  Bi^+.  This  is  reason- 


Figure  19.8.  Temperature  dependence 
of  c,  relative  change  of  length  and 
thermal  expansion  coefficient  of 
polycrystalline  Kp  5Bip  sTiO, 

(according  to  Smolenskiy,  et  al 
(153]) :  1  —  e  at  500  kHz.  2  -- 
M/1-,  3  —  a. 


sole  from  the  standpoint  of  the 
energy  of  electrostatic  dipole- 
dipole  interaction,  since  an 
increase  in  the  dipole  moment  of  A 
ions  often  facilitates  the  develop¬ 
ment  of  th*.  ferroelectric  state. 

Also  indicated  is  the  possibility 
that  the  presence  of  Bi^4  ions  in 
the  given  compound,  by  increasing 
t.he  degree  of  hcraoopolarity  of  ihe 
chemical  bonds,  increases  the 
electron  polarizability  of  oxygen 
ions.  This  also  increases  'he  rela¬ 
tive  stability  of  the  ferroelectric 
state. 


According  to  the  results  of 
preliminary  x-ray  diffraction 
analysis  [1S5],  ^Bi^  j-TiO^  has  a  perovskite  typo  structure,  and  the 

parameters  of  its  nucleus,  assuming  a  cubi-  lattice,  ace  a  -  3.9^  A.  Moie 
recent  analysis  [164]  verified  that  in  the  case  of  NaBi-titanare  there  are 
nc  superstructure  lines  on  the  x-ray  diffraction  p'tterus  of  5Bifl  gfiO^ 

that  would  indicate  ordering  of  the  K  and  Bi  ions.  Some  lines  were 
separated,  but,  as  in  the*  case  of  Nab’ -titanate,  expansion  was  slight,  and 
the  rear  lines  on  the  x-ray  diffraction  patterns  were  blurred.  In  contrast 
to  NaBi-titanate,  KBi-titana'  o  is  tetragonally  distorted  at  room  temperature 
and  has  the  parameters:  a  =  3.913  ±  0.003  X,  c  =  3.993  ±  0.003  X,  c/a  5 
=  1.02  and  the  volume  of  the  nucleus  V  =  61.1  ±  0.15  X3  [120]. 


The  high  Curie  temperature  of  Krt  -Bi,.  -TIG-  (like  that  of 

-i .  %>  u  *  c>  j>  ^ 

KaQ  gBip  5Ti0^)  can  he  explained  [155]  by  the  fact  that  the  Bi  ions  have 


The  phase  transition  temperatures  of  KBi-titanate  were  first  deter¬ 
mined  from  dielectric  and  dilatometric  analyses  (Figure  19.8).  the  Curie 
temperature  --at  ~380°C  and  the  low-temperature  phase  transition  at  '-300°C 
[155].  As  a  result  of  high -temperature  x-ray  diffraction  analysis  (164] 
it  was  found  that  up  to  about  270°C  the  symmetry  of  ^  <.TiO..  remains 

tetragonal,  but  near  270®C  a  phase  transition  occurs.  The  symmetry  of  the 
phase  existing  above  this  temperature  could  not  be  determined  due  to  the 
smallness  of  the  distortions  an?  diffusion- of  the  lines.  At  410°C  a 
transition  occurs  to  the  paraelectric  cubic  phase.  The  considerable 
divergence  in  the  phase  transition  temperatures  of  [155]  and  [164]  requires 
further  investigation  to  refine  the  dielectric  data  and  the  structural 
changes  of  potassium-bismuth  titanate  during  heating. 


g  rr  — Ffr- 1 *■  -ATfi~-vr-^ if 


the  same  electronic  configuration  as  Pb  +  and  apparently  govern  in  the  same 
manner  the  high  electron  and  ion  polarizabilities  of  the  lattice.  The 
level  peaks  on  the  curves  e(T)  cf  both  KBi-  and  NaBi-titanates  indicate 
ferroelectric  phase  transitions  of  blurred  character  in  those  compounds. 

2.  Potassium  Niobate  and  Potassium  Tantalate 


The  ferroelectric  properties  of  potassium  niobate  KNbO,  and  potassium 
tantalate  KTaO,  were  discovered  by  MattHas  [166]. 

"  ..assium  niobate,  possessing  a  perovskite  type  cubic  structure 
above  455°C,  transitions  below  this  temperature  into  the  ferroelectric 
state  and  becomes  tetragonal.  With  further  cooling,  transitions  occur 
into  the  rhombic,  and  then  into  the  rhombohedral  phases  [167-1711. 

According  to  Wood  [168],  KNbO,  has  a  rhombic  nucleus  at  25°C,  containing 

'  O 

two  units  with  the  parameters:  aR  =  5.702,  bfl  =  5.739,  v,0  =  3.984  A.  The 

lattice  parameters  at  room  temperature  [169,  170]  are  somewhat  lower  than 
those  determined  by  Wood:  a^  =  5.6946,  bfl  =  5.7203,  c^  =  3.9714  X  [169] 

and  a0  *■  5.695,  bQ  =  5.721,  cQ  -  3.973  X  [170]. 


When  the  long  diagonal  of  the  rhombic  phase  is  taken  3s  the  z  axis 
[172],  theolattice  parameters  at  room  temperature  are  a  =  5.697,  b  =  3.971, 
c  =  5.720  A,  and  the  spatial  group  will  be  Bmm2.  When  the  origin  of  the 
coordinate  center  is  placed  at  the  certer  of  the  niobium  atom  the  coordi¬ 


nates  of  the  atom  will  be:  Nb:  (0,  0,  0),  K:  (0,  4,4+  z.,) ,  0.:  (0, 

i  j  *  1 

z0J,  °ii:  % +  xon»  °>  j  +  zon^*  11ie  value  Riven  in  *172^  is  2k  = 

=  0.017  •  0.001,  zn  =  0.021  t  0.002,  z,  =  0.033  ±  0.002,  x.  =  0.004  ± 

*  0\  On  C*II 

t  0.002.  Hence  it  follows  that  the  oxygen  octahedra  remain  nearly 
regular.  Inside-  the  octahedron  Nb  is  displaced  0.030c  (i.e.,  0.17  X) 

from  the  center  of  mass  of  the  six  oxygen  atoms  making  up  the  octahedron, 
toward  one  of  the  edges  of  the  octahedron.  The  analogous  displacement  of 
the  Ti  ion  of  barium  titanate  in  he  rhombic  phase  is  O.P22c()  (0.125  *0  . 


The  phase  transition  temperatures  during  heating  and  cooling 
according  to  various  data  arc  presented  in  Table  26. 


For  ‘he  l^wer  transition  temperature-  hysteresis  was  observed  ir. 
c'-rtain  ca«  ;s  at  45°C  p70].  Data  cn  the  temperature  hysteresis  ot  phr.se 
vransition:.  in  KNbO,  [168,  ’/..I,  173]  are  cor.v:  •'cing  evidet  :e  of  the 

presence  here  of  first  order  phase  transitions. 

The  temperature  dependence  of  the  lattice  constant  of  KNbO,  in  the 
tetragonal  and  rhombic  phases  was  analyzed  in  [171].  The  temperature 


-  358  - 


Table  26.  Phase  Transition  Temperatures  in  Por-rvssium 
Niobate  (in  °C) 


KFY :  1.  Transition  between  cubic  and  tetragonal  phases; 

2.  T'ans'tion  between  tetragonal  and  rhombic  pnases; 

3.  Transition  between  rhombic  and  rhomboi.edral  phases; 

4.  He..ting 

5 .  Coo 1 i ng 

6 .  Source 

dependence  of  the  parameters  in  the  rhombohodral  phase  has  not  been  investi¬ 
gated,  but  it  is  known  that  at  -140°C,  a  =  4.016  i  0,02  X  and  o  -  89<'50'  t 
±  r  f 170] . 

Cotts  and  Knight  [173],  analyzing  the  NMR  and  XQR  of  N"b93  in  mono¬ 
crystalline  KNbO_,  concluded  that  the  phase  transition  from  the  rhombo 

hedral  phase  to  rhombic  occurs  over  a  considerable  temperature  interval 
(12-20°C).  Structu’al  change  occurs  much  more  rapidly  in  both  high- 
temperature  transitions.  Since  the  intensity  of  the  liner  gradually 
changes  during  phase  transitions,  and  t  .e  frequencies  of  the  two  phases 
coincide,  it  is  obvious  that  transition  occurs  at  diff.-'ent  temperatures  in 
different  parts  of  the  crystal.  ~his  may  be  caused  by  the  difference  in 
the  concentration  of  defects  in  the  lattice  and  the  presence  of  internal 
stresses. 

Shirane  and  his  coworkers  [1..  ,  171],  measuring  the  latent  heat  of 
transitions  At:  in  polycrvstalline  KNbO,  and  calculating  the  corresponding 

entropy  changes  AS,  found  *-hc  following  data:  for  transition  from  cubic  to 
tetragonal  phase  AE  -  190  t  15  cal/molc,  AS  =  0.2S  cal/molc'deg;  for 
transition  from  tetragonal  to  rhombic  AF.  =  85  :  10  cal/mole,  AS  =  0.17 
cai/moie*deg;  for  transition  from  rhombic  to  rhcmhohcdral  AF  =  32.5  cal/mole, 
AS  -  0.12  c il/mole’deg.  Hie  laten.  heat  of  transition  of  poiycrystal 1 inc 
KNbO,  from  the  ferroelectric  state  to  the  paraelectric  state  [174,  175] 

is  134  i  5  cal/mole,  whereas  more  recent  measurements  [176]  gave  even 
smaller  values:  for  ceramics  f’l  ;  10  cal/mole;  for  a  small  monocrystal 
115  i  15  cal/mole. 

The  permittivity  of  KNbO.  peaks  during  all  three  phase  transitions 
[170].  Its  temperature  dependence  above  the  Curie  point  is  satisfactorily 


-  hyO  - 


described  by  the  Curie-Weiss  law  with  C  =  2.68*10SoC  ard  =  350°C  [174, 

175].  Spontaneous  polarization  of  "26  pC/cm2  was  foun  .  [174,  175]  from 
the  dielectric  hysteresis  loops  obtained  for  monocrys'. als  in  the  tetragonal 
state  near  the  Curie  point.  Tricbwasser  [175]  calculated  the  coefficients 
in  the  expression  for  free  energy:  F  =  F0(T)  ♦  A(T  -  8)P2  +  BP1*  ♦  DP6, 

where  Fq(T)  is  the  free  energy  for  zero  polarization.  A  =  2. 60* 10' 5  1/°C, 

B  =  5,0* 10-1 3  (erg/cm3)'1 ,  D  =  4. 1‘10'13  (erg/cm3}':,  0  =  360.4  i  5.9°C. 

The  temperature  dependence  ol*  P  ,  calculated  with  the  same  constants, 

shows  satisfactory  agreement  with  the  experimental  data.  The  electro¬ 
mechanical  properties  of  polycrystalline  KNbO,  were  analyzed  [17*].  The 

radial  coefficient  of  electromechanical  coupling  is  0.28-0.30.  The 
frequency  constant  passes  through  sharp  peaks  at  the  points  of  low- 
temperature  phase  transitions,  marked  at  220  and  -12°C. 

The  results  of  NMR  and  i JQR  analyses  of  Nb93  in  potassium  niobate 
[173j  ind.cate  a  considerable  degree  of  covalence  of  the  bonds.  Also  note¬ 
worthy  is  Hewitt's  work  [178],  in  which  several  characteristics  pertaining 
to  the  nuclear  quadrupole  resonance  of  Nb93  in  KNbOj  are  determined  and 

calculated.  The  optical  spectra  of  KNbO,  were  analyzed  in  [63,  179,  180]. 

The  method  of  growing  KNbO^  monocrystals  is  discussed  in  [181,  182],  and 

the  method  of  producing  pure  potassium  niobate  in  [183]. 

The  most  interesting  feature  of  potassium  niobate  :s  that  it  is  the 
only  ferroelectric  in  which  there  is  the  same  alternation  of  phases  as  in 
barium  titanate :  cubic,  tetragonal,  rhombic  and  rhombohedral  phases.  More¬ 
over,  if  the  ratios  of  the  transition  temperature  Tt  to  the  Curie  temperature 

Tc  for  BaTiOj  are  1.  0.69  and  0.49,  then  these  ratios  for  KNbO„  are  quite 

close  to  the  values:  1,  0.71  and  0.38  [1.70].  The  latent  heats  of  transi¬ 
tions  of  KNbO,  arc  greater  than  those  of  barium  titan ite.  This  is  explained 

by  the  great  distortion  of  the  potassium  niobate  lattice  compared  to  that 
of  BaTiOj.  Chancoc  ip.  entropy  at  the  Curie  point  of  these  two  compounds 

are  approximately  proportional  to  the  values  (c/a  -  1)  in  the  tetragonal 
phase. 

At  room  temperature  potassium  tantalate  KTaO,,  in  contrast  to  potassium 

niobate,  has  a  cubic  lattice  with  a  =  5.9885  A  [169] .  The  Curie  temperature 
of  potassium  tantalate  [184],  determined  according  to  the  e  peak  and  the 
appearance  of  dielectric  hysteresis  loops,  is  13.2°K.  According  to  this 
work  e  of  KTaO^  obeys  the  Curie-Weiss  law  in  the  52-S5°K  temperature  range 

with  C  a  (6.1-8.5),101’  °K  and  9  =  14-14. 6eK.  Below  52°K  c  is  lower  than 
predicted  by  the  Curie-h’eiss  law,  and  below  I3.2°K  [IS4],  c  decreases 
almost  linearly  with  cooling.  Below  13°K  dielectric  hysteresis  loops 
appear,  but  at  5  kV/cra  they  are  again  far  from  saturation.  The  Curie-Weiss 


-  560  - 


law  is  valid  [26]  in  the  80  to  303°K  temperature  range,  where  e„  -  39,  8  = 

=  2.8’K,  C  =  5.99*104oK. 

According  to  the  data  in  [185],  in  which  the  nonlinear  properties  of 
monocrystalline  KTaO^  were  analyzed  near  the  Curie  point  9  =  1  ±  0.5°K. 

Above  the  Curie  temperature,  as  should  be  expected  for  a  crystal  with  a 
center  oc  symmetry,  KTaO_  has  no  linear  electroptic  effect,  but  there  is  a 

large  quadratic  electroptic  effect.  At  the  same  time  the  generation  of  the 
second  and  third  harmonics  in  the  microwave  range  at  4.2°  and  linear  and 
quadratic  dependences  of  permittivity  on  electric  field  strength  were  not  n; 
The  generat'cn  of  the  second  harmonic  and  linear  dependence  of  permittivity 
on  the  field,  however,  are  possible  only  if  the  crystal  does  not  have  a 
center  of  symmetry.  Another  evidence  for  the  acentrosymmetric  character  of 
the  crystal  at  this  temperature  is  the  discovery  of  a  measuroable  piezo¬ 
electric  effect.  It  should  be  pointed  out  that  the  extrapolated  Guru 
temperature  [185]  does  not  agree  with  that  determined  in  [184],  and  the 
temperature  of  the  ferroelectric  phase  transition  was  not  determined  at  all. 
The  possibility  Is  not  excluded  that  the  discrepancy  between  the  results  of 
[184]  and  [185]  is  related  to  inadequate  purity  of  the  first  monocrystals 
analyzed  in  [184],  which  may  have  contained  some  niobium  impurity  and  could 
have  had  a  somewhat  higher  Curie  temperature.  Then,  however,  it  becomes 
uncertain  how  to  explain  the  data  [185]  about  the  absence  of  a  center  of 
svmm;trv  in  KTaO.  at  4.2°K.  In  anv  case  the  situation  with  KTaO_  is  quite 

reminiscent  of  SrTiO,,  in  which  the  existence  of  v  ferroelectric  phase 

transition  is  still  at  issue. 

The  optic:...  spectra  and  certain  other  optical  properties  were  analyzed 
in  [58,  179,  180,  186-192],  N'MR,  F.PR  in  [193-195],  semiconductor  properties 
of  KTaO,  in  [196-199]. 

6.  Fcrroelcctrics  with  the  Perovskite  Type  Structure  and  General 

Formula  AB!  ,,B'' ,,0_ 

_ l/o  2/3  o 

As  we  hav  already  stated,  ferroelectrics  with  the  perovskite  type 
structure  and  formula  of  the  type  AB*  ._B",-0_  (PbMg?t..Nb§t,0..  and 

PbNi~y.NTb^_0_)  were  discovered  by  Smolenskiy  and  Agranovskaya  [2i<-j,  The 

discovery  of  these  ferroelectrics  stimulated  work  on  the  synthesis  of  other 
compounds  of  this  type,  in  which  Nb  was  substituted  by  Ta,  and  Mg  by  N'L,  Co 
and  Zn.  As  a  result  Bokov  and  Mvl'nikova  discovered  several  new  firro- 

electrics;  PbMg7+,,Ta^t_0. ,  PbN'i7%Ta^t,0. ,  PbCo“%Nl>^%0. ,  PbCo7%Ta^*-0_ 
sl,o  2/o  o  l/o  2/o  o  l/o  2/o  o  l/o  2/o  o 

and  'bZnj- tjNb^„0.  [201  ,  202],  Later  Smolenskiy,  Agranovskaya  and  Isupov 

discovered  the  first  ferroelectric  tungstate  with  the  pe.ovskitc  type 

structure:  PbFo^%K^%0.  [203], 
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The  properties  of  PbSigp,.Vb9/,0,  have  already  been  discussed  in 

Chapter  16.  We  will  therefore  examine  only  those  properties  not  described 
in  that  chapter.  At  room  temperature  PbMgj/.^ 0/3^3  ^as  a  cubic  lattice 

with  a  =  4.04  A  [204].  The  absence  of  superstructure  lines  on  x-ray 
diffraction  patterns  indicates  the  absence  of  ordering  of  ions  Mg  and  N'b 
[205,  206].  The  temperature  of  the  ferroelectric  phase  transition  (average 
Curie  temperature),  estimated  from  dilatomctric  and  piezoelectric  measure¬ 
ments,  is  -10  to  -20°C  [207].  According  to  Ismailzade's  data 
PbMg^.Nb^^-O,  at  -15°C  has  a  tetragonal  lattice  with  a  =  4.020,  c  =  4.044  A 

[204].  However,  the  optical  analyses  of  Bokov  and  Myl’nikovs  [208]  showed 
that  the  symmetry  of  the  ferroelectric  phase  of  this  compound  is  more  likely 
rhombi'*.  Spontaneous  polarization,  determined  on  a  monocrystal,  is 
2& • 10"6  C/vm2  at  -170°C  [208]. 

The  electrooptic  properties  of  PbMgJ^.N'b9/_0,  were  analyzed  by 

Berezhnoy  [209].  The  study  was  made  at  A  =  5,500  X  with  a  field  on  [100] 
and  light  beam  on  [010]  in  the  temperature  range  from  20  to  100*C.  It  was 
found  that  the  dependence  of  birefringence  on  the  field  is  essentially 
quadratic  in  the  range  of  fields  employed  (up  to  10-20  kV/cm) .  Bonner,  et  al 
[210]  determined  the  refraction  coefficient  n  =  2.56  at  6,528  A  and  electro¬ 
optic  coefficients  (M. .  -  Mi9)  =  +0.015,  M  .  =  +0.008  mVc2. 

II  1  i.  4-4 

Smolenskiy,  et  al  studied  the  electrooptic  effect  of  PbMg  .,Nb  ..0T 

1  /•>  *£/  -> 

in  the  -30  to  +100°C  temperature  range.  They  showed  that  ir.  a  weak  field 
the  dependence  of  An  on  I;  is  quadratic  in  almost  the  entire  temperature 
range,  whereas  with  large  E  it  becomes  practical ly  linear,  although  as  E 
increases,  tie  contribution  of  higher  order  effects  usually  increases.  As 
the  temperature  rises  the  range  of  fields  in  which  the  dependence  is 
quadratic  expands  and  above  80°C  in  fields  up  to  18  kV/ cm.  the  effect  is 
cnlv  quadratic.  At  room  temperature  and  X  =  6,240  A  the  quadratic  electro¬ 
optic  coefficients  describing  the  dependence  on  the  square  of  the  field 
were:  (Ru  -  Rp)  =  13.0*10-®  CGSE,  R4J  =  2.3*i(T8  CGSE,  and  the  coefficient? 

describing  the  dependence  on  the  square  of  polarization  were:  (M  j  -  Mp)  = 

=  18.3*  10“ 1 **  CGSE,  M,,  =  2,8*10“I‘‘  CGSE.  An  increase  was  observed  in 

44 

n0 (^1 1  *  ''ith  decreasing  wavelength,  related  to  the  aporoach  of  the 

natural  absorption  band  of  the  crystal  to  the  edge. 

The  behavior  of  PbMg.  .„Xb_  .,0,  is  discussed  from  the  viewpoint  of 

2/3  3  1 

the  concepts  of  blurred  ferroelectric  phase  transitions  (see  Chapter  16). 

In  the  region  of  the  blur-ed  phase  transit!'  '“bove  the  mean  Curie 
temperature  the  quadratic  effect  in  weak  fi  •  is  attributed  to  the  effect 
in  the  paraelectric  phase  and  orientation  or  polar  regionr.  Hie  sudden 
increase  in  Rp  -  Rp  as  the  temperature  drops  is  attributed  to  the 

increased  contribution  of  orientation  processes.  The  change  to  a  linear 
dependence  is  presumably  the  result  of  the  transition  of  apolar  regions  to 
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the  ferroelectric  state  under  the  influence  of  a  field,  leading  to  the 
combining  of  polar  regions.  At  higher  temperatures,  naturally,  the  change 
to  a  linear  function  takes  place  in  stronger  fields. 


The  compound  PbNi at  room  temperature  has  a  cubic  lattice 

with  a  =  4. 025  A  [204].  The  Curie  temperature  lies  in  the  region  -110  to 
~14CeC.  The  properties  of  this  compound  were  also  described  in  Chapter  16. 

The  compound  ?bCo1  ,,ivrb,,„0_  at  206C  is  cubic  with  a  =  4.04  X  [201] . 

The  permittivity  of  PbCOj^Nbj/^O^  monocrystal  at  1  kHz  peaks  at  -?0°C 

(Figure  19.9).  Since  the  phase  transition  of  this  compound  is  blurred  and 
its  properties  resemble  those  of  PbMgj^NT^-O^  and  Pbhi  ,  this 

temperature  also  0ives  only  an  approximate  representation  of  some  average 
Curie  temperature.  There  is  no  saturation  of  hysteresis  loops  although 
there  is  a  clearly  discernible  discontinuity  on  the  principal  oolarization 
curve. 

The  compound  PbZn.^Nb^-Oj,  assuming  a  cubic  lattice,  has  an 

elemental  nucleus  with  a  *  4.G4  X  [201].  However,  since  the  peak  e  at 
1  kHz  occurs  in  this  compound  at  140oC  (Figure  19.10),  and  well  saturated 
hysteresis  loops  are  found  below  this  temperature,  it  is  clear  that  the 
crystal  should  not  be  cubic  at  root,  temperature. 
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Figure  19.9.  Temperature  dependences 

of  e  and  tan  5  of  the  monccrystais 

of  several  perovskites  at  1  kHz 

(for  PbNi.  .,Ta~,_0,  at  450  kHz) 

1/3  t./ $  3 

(according  to  Bokov  and  Myl 'nikova 
[201]). 
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Figure  19.10.  Temperature  dependence 
of  e  and  tan  6  of  PbZn^-Nb^^O, 

monocrystal  at  1  kHz  (according  to 
Bokov  and  Myl' nikova  [ 20 i 1 ) . 


The  compound  PbMg^.Ta^^O^  is  cubic  at  20°C  with  a  =  4.02  A  [?01]. 

At  1  kHz  maximum  e  occurs  near  -98’C  (Figure  19.9).  Below  this  temperature 
di- lectric  hysteresis  loops  are  observed.  The  phase  transition  is  blurred 
[201] . 


PbNi^TTa2^0,  also  has  a  cubic  lattice  at  20°C  with  a  =  4.01  X  [201]. 

Maximum  e  at  1  kHz  lies  between  -160  and  18P°l‘  (Figure  10.9).  The  dielectric 
hysteresis  loops  at  -196°C  are  far  from  saturated,  even  in  fields  with  a 
st^'-ngth  of  159  kV/cm.  The  ferroelectric  phase  transition  is  blurred. 

O 

PbCo^ jTa^^O^  is  also  cubic  at  room  temperature  (a  =  4  91  A  [201]) 

At  1  kHz  maximum  e  lies  near  -140°C  (Figure  19.9).  The  phase  transition 
is  blurred.  The  dielectric  hysteresis  loops  are  far  from  saturated,  but 
are  nevertheless  quite  distinct. 

The  ferroelectric  properties  of  the  compound  PbCd^^Nb^jO^  are 

described  in  [212,  215].  Its  permittivity  passes  through  a  level  maximum 
in  the  region  250-300°C,  although  the  nucleus  at  room  temperature  is, 
according  to  the  authors,  cubic  with  a  =  4.123  X.  The  pos;tion  of  maximum 
z  depends  on  frequency.  It  may  be  assumed  that  this  compound  is  a  ferro¬ 
electric  with  a  strongly  blurred  transition. 

O 

At  room  temperature  PbFe^^^^/jOj  has  a  cubic  lattice  with  a  =  3.97  A, 

and  no  superstructure  lines  indicating  the  ordering  of  Fe  and  W  ions  in  the 
octahedral  nodes  are  seen  on  its  x-ray  diffraction  patterns  [203,  206], 

The  permittivity  of  PbFe?^^Wj^0^  passes  through  a  peak  at  -90  to  -70°C; 

at  -196°C  there  are  dielectric  hysteresis  loops  [203].  The  phase  transition 

is  apparently  quite  blurred.  The  theory  is  advanced  [203]  that  PhFe_,,W ,,-.0,, 

^  «./  ^  ^ 

in  which  66.7%  of  the  ions  in  the  octahedral  positions  are  Fe  ions,  is 
simultaneously  a  ferroelectric  and  an  antiferroelectric.  Tins  assumption 
was  confirmed  by  the  results  of  [202].  Its  properties  are  described  in 
greater  detail  in  Chapter  18. 

The  synthesis  of  the  perovskite  PbSe.^ jh’j  ,  which  at  20°C  has  a 

cubic  lattice  with  a  =  4.067  X,  is  described  in  [212,  213].  According  to 
[212]  z  of  this  conpound  passes  through  a  maximum  at  -12°C,  where  it 
reaches  2,500.  On  the  basis  of  the  low  geometric  criterion  (t  =  0.92)  this 
compound  is  an  antiferroelectric.  It  is  not  indicated,  however,  whether 
the  compound  was  checked  for  the  presence  of  a  dielectric  hysteresis  loop. 

The  perovskite  PbMn^-WjJ^O^,  with  a  c  peak  temperature  equal  to 

20QJC,  is  also  described  in  [212-215].  At  20°C  its  lattice  is  monocl inical ly 
distorted:  a  =  c  =  4.098  A,  b  =  4.014  X,  8  =  90°23'.  On  the  basis  that 
t  =  0.96  the  compound  is  an  antiferroelectric.  It  is  not  indicated  [ 212- 
215]  whether  the  valence  of  manganese  was  controlled.  Meanwhile  this  is 
essential.  If  manganese  is  reduced  to  divalent,  then  the  formation  of 

PbMn„+_W^+_0.  cannot  be  ruled  out. 

0.5  0.5  5 

The  ferroelectric  properties  of  the  perovskite  class  compounds 

BaRi*%K^t,0,  and  BaBi?t,Mo^%0„ ,  the  former  of  which  has  a  rhombic  lattice 
2/5  1/5  5  2/o  1/5  5 
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with  a  =  4.348  A,  =  90°20',  are  reported  in  f 216 ,  217],  On  the  basis  of 
these  x-ray  d if ire :tion  data  the  former  compound  is  classified  as  a  ferro¬ 
electric  (the  Curi  ;  jpoint  is  stated  as  450°C) .  The  latter  is  monoclinic 
with  a  =  c  -  4.360  A,  b  =  4.321  X,  6  =  90°30'  and  is  classified  as  an  anti- 
ferroelectric  (T  --  500°C) .  These  conclusions  are  doubtful.  The  presence 

of  pseudocubic  distortion  at  room  temperature  is  not  in  itself  proof  of  the 
ferro-  or  anti ferroelectric  state.  Tram  the  dependence  e(T)  presented  in 
(216]  it  follows  on,‘.y  that  e  increases  as  the  temperature  increases.  This, 
however,  may  be  related  also  to  increased  electrical  conductivity  with 
heating.  Moreover,  tie  e  of  BaBi0^,W^ at  20°C  is  very  low  (about  25) 

which  is  completely  une’-aracteristic  of  ferroelectrics  of  the  perovskite 
class.  It  is  also  asst-  ted  [217]  that  the  perovskites  BaCu^Ta^C^  (T.= 

=  470°C) ,  BaCu1/3Nb2/30.  (Tc  =  3S0°C),  SrCu1/;jN1>2/30,  (T_  »  390°C) , 

SrCuj^3ra2^,303  (Tfi  =  1,250°C?)  also  possess  ferroelectric  properties.  At 

20°C  they  all  have  tetragonal  distortion  with  c./a  from  1.031  to  1.049. 

At  380°C  BaCUj^Nb^yjOj  displays  in  x-ray  diffraction  analysis  a  transition 

to  the  cubic  phase  and  a  maximum  e  is  noted.  The  ferroelectric  properties 
of  these  compounds,  in  oir  opinion,  also  need  to  be  checked. 


Examination  of  the  experimental  data  on  ferroelectrics  of  the  type 

PbB2j^3B2^3C>3  reveals  that  all  these  compounds  lack  long-range  ordering  in 

the  distribution  of  and  B5*  ions  in  the  octahedral  positions.  The  phase 
transitions  are  more  or  less  strongly  blurred,  dielectric  polarization  is 
of  a  clearly  relaxation  character.  In  this  connection  all  these  compounds 
may  be  excellent,  objects  for  investigation  of  the  kinetics  of  blurred  ferro¬ 
electric  phase  transitions  and  the  effect  of  the  blurring  of  transitions  on 
dielectric  polarization. 


The  Curie  temperatures  of  these  ferroelectrics  are  compared  in 
Table  27  [158]  (the  Curie  temperature  is  assumed  equal  to  the  temperature 
of  the  maximum  at  1  kHz) . 


Table  27.  Transition  Temperatures  in  Violates  and  Tantalates 

with  the  Formula  PfcB'  .,B''  0. 
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Compound 

r,.  |  Compound 

r,.  •;  i 

Jiff,  in 
:urie*  temps. 
>£  niobate 

PtC(*  Kt..O, 

PbZn,.  Nfc,'  0, 

Pi*g,7sVn, 
Pbf^Nb,  0, 
FbNi,*NL„U, 

■1  4  3 

iso— 30C  ^ 

««  ! 

-r'  i 

-1-J  i  f‘bCo,.T«.  0, 

-<a)  PbS(..T*„a 

J  ...» 

-98 

~W 

-ISO 

m<J  tantalate 

ss 

60 

5b5  - 


PbCd,  .-Nb^.„0_  and  PbZn.  /TNbn  ,,C_  have  a  maximum  Curie  temperature, 

1/3  2/z>  3  1/3  2/a  3  2+  2  + 

apparently  related  to  the  high  electron  polarizability  of  Cd^  and  2n  . 

As  always,  niobates  have  a  higher  Curie  temperature  than  the  corresponding 
tar<talates. 

7.  Ferroelectric  Compounds  of  the  Type  AB(^  ^0, 

The  first  ferroelectrics  of  the  tvpe  AB'  -B"  ^0.  (PbSc^+rNb^+,0_  and 

11  0.5  0,5  .i  0.5  O.o  3 

PbSc^  5*^aQ  sPt)  were  discovered  by  Smolenskiy,  Isupov  and  Agranovskaya  [21?.]. 
During  the  course  of  further  research  on  complex  perovskites  of  this  class 

the  investigators  discovered  the  ferroelectric  compounds  PbFei?+rNrb|!*  0„  and 

5+  5+  °-5  °-s  3 

Pbre’  rTart  „0_  ['’19-221]  and  a  considerable  number  of  anti ferroelecti +cs 

(see  Chapter  171.  Several  works  have  been  done  on  new  compounds  of  this 
type  under  the  supervision  of  Yu.  N.  Venevtsev  and  Ye.  G.  Fesenko. 

According  to  Ismailzade’s  data  [222],  PbSc^  ..Nb^  _0,  has  a  tetragonall 

distorted  lattice  at  30-.>2°C  with  a  =  4.085  ±  0.001  A,  c  =  4.074  t  0.001  A, 
c/a  =■  1.002.  We  see  in  figure  19.11  that  the  permittivity  of  polycrystal  1 inc 
specimens  of  PbSc(^  ^0.  pass  through  a  peak  near  100’C,  whereas  tan  5  at 

the  same  temperature  has  a  characteristic  dvop  [218,  220],  Spontaneous 
polarization,  determined  on  polycrystallin^  specimens  from  hysteresis  loops, 
according  to  [218],  is  3.6*10'6  C/cm2  at  18°C,  and  the  coercive  field  is 
E  =  6  kV/cm.  At  23°C  [223],  Ps  =  13*10“6  C/cm.  The  large  P^  obtained  in 

[223]  is  apparently  the  result  of  better  sintering  of  the  specimens. 

According  to  Agranovskaya's  data  [206],  the  lattice  of  PbScfi  <-Ta0  ..CL 

at  room  temperature  is  cubic  with  a  =  4.07  A.  According  to  Ismailzade's 
data  [222],  a  =  4.0’2  ±  0.001  A  at  30-32°C.  The  permittivity  peaks  at 
26°C  (Figure  19.11)  [218.  220].  Below  this  temperature  there  are  dielectric 
hysteresis  loops  [218]. 

Calculation  of  the  parameters  of  PbFe0  (.Nb0  at  room  temperature 

in  the  assumption  of  a  cubic  lattice  yielded  a  =  4.00  A  [206,  224].  More 

recent  analyses  [225]  showed  that  this  compound  is  rhr.mbohedral  at  room 

temperature  with  &  =  4.014  A  and  a  =  89.92°.  It  was  found  from  dielectric 

measurements  on  the  basis  of  the  e  peak  temperature  (Figure  19.12)  that  th-.- 

temperature  of  the  ferroelectric  phase  transition  is  110-1  [219,  224]. 

Measurement  of  the  c  of  PbF’e„  ^Nb^  _Q,  at  freouencies  of  45^  and  4,500  kHz 

O.a  0.5  s 

[224]  showed  that  the  temperature  at  which  e  peaks  does  not  depend  on  the 
temperature  on  which  the  measurements  were  made.  In  this  sense 

PbFeQ  sNb0  ,.0^  differs  substantially  from  ferroelectrics  of  the 

PbMgj f ,Nb7^_0_  type.  There  are  distinct  dielectric  hysteresis  loops  below 
the  Curie  point.  At  -136°C  spontaneous  polarization  is  S.S^lrt-6  C/cm2  and 
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Figure  19.-1.  Temperature  dependence 
of  c  and  tnn  &  of  pclycrvsta 1  line 
specimens  of  PbSc^  5°5  >•-  *"  e; 

2  --  tap  5)  and  PbSc^  ,Ta0  ,.0, 

(3  —  e;  4  --  tan  5)  at  frequency  of 
1  kHz  ir.  weak  fields  (according  to 
Smolenskiy,  .t  al  [213!'). 


-■00  -ICO 


Figure  19.12.  Temperature  dependence 

of  z  and  tan  5  of  polycrystal  line 

specimens  of  P'oFt*  rN'»„  r0,  (1  --  e: 
1  0.50.53 

2  --  tan  6)  and  PbFe,  ,Ta  0, 
fi.r>  0.5  o 

C3  —  c;  4  —  tail  5)  at  frequency  c.f 
1  kHz  in  weak  fields  (according  to 
Smolenskiy,  et  al  [220]). 


..  :al  polarization  is  6.2*10"6  C/cm2.,  the  coercive  field  l:c  =  10  kV'cro  [22-*]. 

On  the  curve  t7/Z(T)  in  the  region  of  the  phase  trnnsition  there  is  ?  dis¬ 
continuity,  to  which  correspond  linear  expansion  coefficient  of  polycrystal - 
line  specimen  f 224 J .  This  indicates  that  spontaneous  volumetric  deformation 
and,  accordingly,  volumetric  elect restrict ion  rre  positive. 

Invest- igation  of  the  radial  piezoelectric  vibrations  of  specimens  of 

PbFe,  _Nb„  rC,  polarized  hv  a  field  of  27  '-'7cm  for  2.5  hours  showed  that 
0.5  0.5  3  1 

the  resonance  and  antiresonance  frequencies  decrease  monotenically  during 
hearing  and  approach  the  Cur'.e  temperature,  and  at  the  Curie  point  pass 
through  a  sharp  minimum.  Piezoelectric  modulus  d_.  is  -1.7-10'*  CGSE  at 

room  temperature  and  passes  through  a  minimum  near  the  Curie  point  [224]. 

At  room  temperature  the  electrical  conductivity  of  polycrystalline 
PbFe^  ,0.  specimens  is  of  the  ordei  of  10'8  ohm"* •cm"1 .  At  212°C 

transition  occurs  froc-  one  linear  segment  of  the  dependence  log  p  -  f(l/T) 
to  another  linear  segment.  The  energy  of  activation  in  the  20-2 12®C 
temperature  range  is  0.76  eV,  and  2.3  eV  above  212°C.  The  sign  of  thermal 
emf  was  positive  in  the  entire  20-350°C  temperature  range.  Below  212°C, 
apparently,  electrical  conductivity  is  impurity,  and  at  higher  temperatures 
natural  electrical  conductivity  prevails  [224], 


The  HHF  dispersion  in  PbFe^  j.N'bp  ^0^  was  investigated  in  [226,  227]. 

it  was  shown  that  notable  dispersion  of  in  the  paraelectric  phase  occurs 
in  the  frequency  range  '■  1  t".i  5 *  1 0s  Hz.  In  the  S*108-2‘109  Hz  frequency 
range  dispersion  cf  e.  occurs  only  below  the  Curie  temperature  and  is  of 
the  same  character  as  the  UilF  dispersion  of  c  in  harium  titanate.  The 
"Icw-frequency"  dispersion  is  related  to  a  reduction  of  the  influence  of 
electrical  conductivity  on  e  and  tan  h  (due  to  relaxation  of  the  space 
charge)  as  the  frequency  increases.  A  change  in  frequency  does  not  cause 
displacement  of  the  peak  on  the  curve  s(T).  Magnetic  susceptibility  of 
polycrystallir.e  PbFe0  t-'Jbg  j.0,  increases  during  cooling,  and  the  dependence 

1/X  ”  f(T)  is  characteristic  of  anti  ferromagnetics .  In  [224],  however,  it 
was  not  possible  to  completely  exclude  the  presence  of  ferromagnetic 
impurity  in  the  specimen  and  the  presence  of  the  r. at i ferromagnetic  state 
was  convincingly  proved  only  in  [214].  after  the  momcrystals  were  grown 
(see  Chapter  18). 

At  room  temnerature  PbFe„  PTa_  P0,  has  the  cubic  lattice  with  a  = 

0.5  O.n  a 

-  4.00  f.  (206,  224 j .  The  Curie  temperature,  determined  on  the  basis  of 
dielectric  measurement  results,  is  -30  to  -25‘,C  [220,  224].  At  this 
temperature  the  e  of  PbFeQ  gTnfi  peaks  (Figure  19.12),  and  below  this 

temperature  dielectric  hysteresis  loops  are  found.  At  -136°C  spontaneous 
polarization,  determined  on  polycrystal  line  specimens,  is  2.4*10  6  C/cm2, 
total  pola~ization  is  2.9*10  6  C/cm2,  Fc  =  l7  kV/cm  [224],  Ihe  curve 

dZ/Z(T)  has  a  discontinuity  in  the  vicinity  of  the  phase  transition,  and 
the  linear  expansion  coefficient  of  the  polycrystalline  passes  through  a 
minimum,  which  indicates  positive  volumetric  electrostriction  [224]. 

It  is  noteworthy  with  regard  to  examination  of  the  investigated 
ferroelectrics  of  the  Pbh^  (.B^  ^0^  type,  where  B'  =  Sc  and  Fe3+  and  B"  = 


=  Nb  and  Ta,  that  even  though  the  x-ray  diffraction  patterns  of  these 
oompounds  show  no  superstructure  lines,  the  blurring  of  phase  transitions 
is  relatively  Slight,  and  dielectric  polarization  is  not  clearly  of  a 
relaxation  character.  This  is  apparently  explained  by  the  presence  of 
short-range  order  in  the  distribution  of  B'  and  B"  ions  in  the  octahedral 
positions  of  tho  lattice  in  the  absence  of  long-range  order.  Investigation 
of  this  distribution  is  important,  both  for  solving  the  problem  of  the 
properties  of  ferroelectrics  with  a  blurred  phase  transition  and  for  solving 
the  problem  of  synthesizing  fcrro-ferrimagnetics .  Preliminary  evaluation 
of  the  short-range  ordering  in  PbFen  _Nb^  ^0„  indicated  that  the  NtQ^ 

octahedron,  on  the  average,  surround?  approximate! v  3.9  FeO  octahedrons 
[228]. 

The  synthesis  of  new  .erro-  and  anti ferroelectric  perovskite  typt 
compounds  PbCo£5Nb0 ^Oy  PbMn^^Nb^^,  PbMn^J^O-, 

J,h^n.5r'“  ).SC3*  PbMn0.SRe0  S°3*  BaBi0.5N?>0.505’  Ba3l0.5Tnn.5°5’ 
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Ba8i0  <-Vq  BaCUg  ,.03  and  SiCu^  ,.0^  is  reported  in  [215,  215-217] 


For  PbCoft  ~Nbn  -0.  at  11°C  ther;  is  an  e  peak  (where  f.  reaches  -600) , 

U.i?  U.o  o 

Due  to  the  presence  of  the  f:  peak,  and  on  the  basis  of  the  geometric 
criterion  t  =  0.93,  the  compound  is  a  ferroelectric.  PbMn^  ^0^  dis¬ 
plays  expansion  of  lines  on  r.-ray  diffraction  patterns  at  2Q“C.  On  this 
basis,  in  connection  with  the  fact  that  its  t  =  0.97,  this  compound  is  an 

antiferroelectric.  The  lattices  of  FbMnrt+cW^+r0_  and  PbMn?+rW^+.0_  are 

0.5  0.5  3  0.5  0.5  o 

moncclinically  distorted,  and  at  150  and  165°C,  respectively,  there  are 
e  peaks  (where  e  -  160-200) .  Since  both  compounds  have  t  <  1 ,  they  are 
antiferroeKctrics.  How  the  authors  regulated  and  controlled  the  valence 
of  Mn  and  W  ions  is  not  stated  in  the  articles. 


X-ray  diffraction  analysis  of  PbMn^^Re^gO^  at  i20°C  reveals  a 

transition  from  monoclinic  to  cubic.  By  analogy  with  the  compounds 
PbCo„  eW_  _0_  and  PbVbA  _Nb»  ..0,  the  substance  is  an  antiferroelectric. 

PbMnl!  rRe^+_0_  is  also  an  antiferroelectric  (1  =  95°C) .  The  reasons  for 

0 . 5  0 . 5  3  C 

these  conclusions  are  not  given,  nor  are  the  methods  of  controlling  the 
valence  specified. 


'file  compounds  BaBiQ  <.Nb0  j.0,  and  BaBi^  ,.Ta0  having  rhotnbo- 

hedrally  distorted  lattices  at  20°C,  are  related  to  ferroelec*- ics,  and 
the  monoclinicaliy  distorted  compound  BaRiQ  5VR  ,.03  is  relate.,  co  anti- 

ferroelectrics.  As  proof  for  BaBip  $VQ  50..  the  authors  point  to  the 

reduction  of  e  from  ~85  to  ~25  as  the  frequency  increases  from  ID1*  to 
5*107  hz,  although  it  would  be  more  natural  to  relate  this  reduction  of 
c  to  the  smaller  contribution  of  the  spare  charge  relaxation  to  polarization. 


The  compounds  BaCurt  _W  ,.0.  and  SrCu„  ch’  c0,  display  tetragonal 

:istortion  with  c/a  =  1.09S  at  20°C.  According  to  the  results  of  electron 
micrographic  analyses  [229],  the  Cu  ion  in  the  BsCu^  lattice  is 

displaced  0.20  X  relative  to  the  barium  ion  on  the  z  axis  head  on  toward 
the  oxygen  ions,  and  the  W  ion  is  displaced  0.10  A  in  the  direction  of 
displacement  of  the  oxygen  ions.  In  this  connection  both  compounds  are 
classified  as  ferroelectric 


The  production  of  ferroeiectrics  of  the  perovskite  type  with  vacancies 

in  terms  of  oxygen,  wi'h  the  general  formula  PbB^gS^gO,,  is  described 

in  [230],  The  synthesized  compounds  have  a  Curie  temperature  much  different 

2+  ^ 

fre.o  the  Curie  point  of  compounds  of  the  type  Tor  example: 


in  PbCo-*sNb Q>2i7c  Tc  - 


-156C  (in  PbCo1/3«b2/303  Tc 


m 


-  569  - 


lS*?rw 


PbCo^-Ta-  ,0.  __  T 
0.5  0.5  2.75  c 

2+ 


-60°C  fin  Pi>Co1/3Ta2/30.  Tc  =  -140“C),  in 


Pb.Mir  cNb„  -CL  T  =  -7.5°C  (in  FbNi .  ..Nb,  ,-0,  T  =  -120°C).  In  connec- 
0.5  0.5  2.75  c  1/a  2/a  a  c 

tion  with  the  possibility  of  producing  phases  of  the  type  PbB!'*  B^t-0, 

3+  5+  '  1/.W/J  a 

and  PbBp  ,-B^  -0-  during  synthesis,  the  phase  that  was  formed  was  checked 

in  the  work.  It  was  shown  by  x-ray  diffraction  analysis  that  the 
synthesized  compounds  have  a  superstructure  related  to  the  doubling  of 

the  perovskite  lattice  parameters,  absent  in  compounds  of  the  type 


.2+ 


2+  . 


PbN’i"  ._Nb7  ,,0„.  A  check  of  the  valence  of  B  ions  was  done  with  the  aid 
1/  a  *./  *  a 

of  magnetic  measurements.  The  results  of  these  measurements  showed  the 
presence  of  Co“+  in  the  compound  PbCo“+,.Nb  ,.0^  Quantitative  deter- 

A 

miration  of  the  relative  concentration  of  Co-+  and  Co'  ions  obviously 
would  have  been  desirable  he^e. 


Many  of  the  compounds  of  the  type  AB^  ,.B^  -O-  listed  in  the  review, 

to  which  are  ascribed  ferro-  and  antiforroeleetrie  properties,  required 
further  investigation.  In  many  cases  more  rigorous  checking  of  the 
composition  is  required,  and  in  other  cases  --  more  careful  analysis  of 
the  dielectric  properties  and  explanation  of  the  nature  of  phase  transitions. 

S.  Cesium  Chlorogermanate  (CsGeCl-) 

CsGeCl-  was  first  prepared  by  Karantaesis  and  Capatos  [231].  The 

crystals  were  twinned  and  displayed  birefringence,  disappearing  above  155°C 
ar.d  reappering  on  cooling.  The  crystals  displaced  piezoelectric  and  pyro¬ 
electric  properties.  Christer.se  and  R‘  aussen  [252]  reported  that  the 
substance  is  a  ferroelectric. 

Above  155°C  CsGeCl-  has  a  cubic  structure  of  the  perovskite  type  [252] 

A*  175°C  a  =  5.475  X.  Below  155°C  the  structure  becomes  rhombic  (with  a  = 

=  5.444  X,  o  =  89.63°  at  25°C).  With  rhombohedral  distortion,  as  follows 
from  x-ray  diffraction  data  [232],  the  germanium  ion  is  displaced  on  the 
tertiary  axis.  The  chlorine  ions  are  also  displaced  from  the  ideal 
perovskite  positions.  The  Cs-Cl  distance,  however,  changes  little:  from 
3.85  to  3.88  X.  The  Ge-Cl  distance  differs  considerably:  three  distances 
equal  3.13  A.  three  others  2  5  X  (the  Ge-Cl  distances  in  the  cubic  phase 
are  2.74  X) . ‘ 

The  permittivity  of  the  polycrystalline  substance  [232]  peaked  at 
155°C.  There  are  no  data  in  the  work  concerning  the  presence  of  dielectric 
hysteresis  loops.  This  is  related,  perhaps,  to  the  difficulties  involved 
in  analyzing  the  given  compound,  which  is  very  susceptible  to  the  effects 
of  tin,  atmosphere,  forcing  physical  measurements  to  he  made  in  on  '•.".osphere 
of  nitrogen. 
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CsGeClj  is  the  only  halide  with  the  perovskite  structure  that  is, 
apparently,  a  ferroelectric. 

There  are  indications  in  the  literature  that  the  plumbohalides  of 
cesium  GsPbXj,  where  X  =  Cl,  Br,  I  [233-236],  ha^e  ferroelectric  properties, 

of  which  the  compound  CsPbCl^  has  been  investigated  most  thoroughly.  At 

room  temperature  CsPbCl^  has  a  tetragonal  structure  of  the  perovskite  class 

with  c/a  =  1.007.  The  phase  transition  to  the  cubic  phase  occurs  at  47°C. 
Dielectric  measurements  were  hampered  by  the  photoconductivity  of  the 
crystal.  Therefore,  although  permittivity  also  peaks  at  low  temperatures 
(at  -S0°C  in  light  and  at  -150°C  in  darkness),  and  the  dependence  P(E) 
resembles  a  hysteresis  loop,  additional  study  is  required  to  determine 
conclusively  the  nature  of  the  phase  transition  in  this  compound 

§?  Lithium  Ni obace  and  Lithium  Tanta late 

Matthias  and  Remeika  [237]  reported  on  the  ferroelectric.  properties 
of  lithium  niobate  (LiNbOT)  and  lithium  tantalace  (LiTaO,) .  for  a  long  time 

these  crystals  were  not  subjected  to  further  analysis  and  they  were  described 
in  the  literature  as  ferroeiectrics  with  an  ilmenite  structure.  In  the  last 
few  years  these  crystals  attracted  the  ittention  of  numerous  investigators, 
principally  because  of  their  interesting  lectroopti.c,  piezoelectric  and 
mechanical  properties.  Consequently  both  rystals  are  now  quite  well 
investigated. 

The  crystalline  structure  of  LiNfcO^  and  LiTaChj,  t‘  <  ugh  not  of  the 

ilmenite  tvpe,  is  nevertheless  lelated  to  it.  It  is  rhoi.  ohedial  with 
a  =  5.4920’ A,  a  =  55°53’  for  L’.'bOj  and  a  *  5.470  X,  a  =  .3*12’  for  LiTnO, 

[233,  239].  The  elemental  nucleus  contains  two  formulae  un’ts  and  at  ro^rn 

temperature  is  described  by  the  spatial  group  C3v-R3c. 

The  Curie  temperature  of  LiNbO^  is  1 ,140-1 ,/10°C  [240,  lil] 

(appar*entiy  that  of  the  pure  cryst?1  is  1,210°C)  and  the  Curie  temperature 
of  LiTaO,  [238]  is  65j°C.  Spor.ta.  <  ,.s  polarization  occurs  on  the  tertiary 
axis. 

The  crystal  lattice  of  these  compounds  (Figure  1? .13)  is  constructed 
of  oxygen  octahedrons  NbCfi  and  TaO^,  connected  just  as  in  perovskite. 

Therefore  or.e  can  arrive  at  it  from  the  perovskite  structure  by  rotating 
the  octahedrons  ir.  space.  Here,  of  the  12  oxygens  of  the  cubic  octahedron, 
three  atomy  approach  its  cc  ter,  three  leave  its  center  and  as  a  result  the 
space  between  the  octahedrons  in  the  niobate  and  tantalate  of  lithium  can 
be  imagined  as  two  oxygen  octahedrons  with  a  common  face  (Figure  19.23). 

The  question  of  the  location  of  the  lithium  jon  ir.  this  space  hns  long 
remained  unclear. 


Figure  19,13.  Crystal  structure  of  LiNbO^  (para- 

electric  phase)  and  surroundings  of  J.i  ion  by 
oxygen  ions.  (According  to  Isupov  [240]). 


According  to  the  results  of  neutron  ’•adiographic  analysis  of  Shiozaki 
and  Mitsui  [239],  the  average  position  of  the  litfnua  ion  (discounting 
displacement  on  the  tertiary  axis  in  the  ferroelectric  phase)  corresponds  to 
the  center  of  the  common  facet  of  both  octahedrons,  comprising  the  free 
space  between  the  NbO^  and  TaO^  octahedrons.  Shiozaki  and  Mitsui  theorize 

that  the  lithium  ions  are  randomly  distributed  between  these  niobium-  or 
tantalum-free  octahedrons,  so  that  their  average  position  then  corresponds 
to  the  center  of  the  facet. 


In  1964,  at  t>*>  4th  All-Onion  Conference  on  Ferroelectricity,  lsupcv 
[240]  advanced  the  theory  that  the  lithium  ion  actually  is  located  in  the 
center  of  the  common  facet  of  both  octahedrons,  as  illustrated  in  Figure 
19.13.  Here  it  is  stressed  that  the  lithium  ion  is  small  enough  (in 
contrast  to  its  usual  coordination)  to  occupy  the  center  of  the  triangular 
oxygen  ring,  as  is  the  case  rith  boron  in  most  of  its  oxygen  compounds. 
Attention  was  also  attracted  by  the  fact  that  the  interatomic  distances 
[239]  agree  satisfactorily  with  the  assumption  that  the  lithiya  ion 
occupies  the  center  of  the  common  facet.  Actually,  the  distance  between 
the  center  of  the  oxygen  triangle  and  its  vertex  was  found  to  be  1.19  X, 
and  the  sue  of  radii  of  the  lithium  ion  and  oxygen  ion,  according  to  Pauling, 
as  noted  in  [233],  is  1.39  A. 


The  conclusions  recently  reached  by  Abrahams  and  his  coworkers 
[241-243]  from  the  results  of  x-ray  diffraction  and  neutron  radiograj  ic 
analyses  of  LiJibO^,  completely  verified  the  validity  of  this  assuaptio 

According  to  Abrahams,  the  Nb  ion  of  liNbO„  in  the  paroelectric  phase  lies 


between  the  oxygen  planes,  perpendicular  to  the  tertiary  axis  (i.e., 
inside  the  octahedron)  and  the  lithium  ion  --  in  the  oxygen  plane  (i.e., 
in  the  plane  of  the  facet).  With  the  onset  of  the  ferroelectric  state  the 


lithium  ion  leaves  the  plane  of  the  counon  facet  and  the  niobium  ion  is 
displaced  from  the  center  of  the  octahedron.  Both  ions  move  in  the  same 
dir »c£ion. 


The  iel 


ic  properties  and  thermal  expansion  of  the  tih'bO^  crystal 


was  analyzed  [2s4 j  in  a  wide  range  of  temperatures.  It  was  discovered  that 
permittivity  at  1(14Q*C,  measured  3t  75  ^9iz  on  the  tertiary’  axis,  peaks 
sharply  at  1,14Q*C  (figure  19.14",  curve  1)  and  in  about  rh<*  same  region 
sharp  contraction  of  the  crystal  occurs  on  heating.  Hence  the  authors 
conclude  that  the  Curie  point  is  1,149°C.  Analysis  of  LiNbO^  c^stals 

grown  by  Chokhral 'skiy’s  method,  showed  that  the  Curie  temperature  of  these 
crystals  is  l,2lOeC  (241].  Apparently  the  discrepancy  between  the  results 
(240]  is*related  to  differences  in  the  methods  of  growing  the  crystals. 

(In  (240]  the  cry  ?als  were  grown  from  molten  solution  are!  could  contain 
impurities) . 


Figure  19.14.  Temperature  dependence 
of  k  of  LiNbCkj  (according  to  Smolen¬ 


skiy,  et  al  (240]):  1  e  on 
tertiary  axis;  2  --  perpendicular  to 
tertiary  axis. 


There  are  indications  [244- 
248]  of  the  existence  of  low- 
temperature  phase  transitions  in 
LiJibO  .  according  to  [245],  the 

lattice  parameters  of  LiNbO^  change 

abruptly  at  6C0*C.  These  data  were 
verified  [246,  247],  where  dielec¬ 
tric  anomalies  were  discovered  at 
600  and  950*C.  A  slight  peak  cc 
electrooptic  coefficient  r ^  was 

detected  (2481  at  150-170°C  ind  it 
is  indicated  that  there  are  also 
slight  anomalies  of  e  and  thermal 
expansion  at  the  same  temperature. 


LiTaO,  has  no  such  anomalies 

j 


in  thermal  expansion  below  the  Curie 
point  [249].  On  heating,  as  the 
Curie  point  is  approached,  elonga¬ 
tion  on  the  tertiary  axis  is 
In  the  paraelectric  region  the  coefficients  of 

J0"tl/oC;  3nd  perpen- 

21*10'*I/°C. 


replaced  by  contraction 
linear  expansion  are:  on  the  tertiary  axis  <1  ~  5.7* 

titular  tn  it  s 


At  room  temperature  the  clamped  and  free  permittivities  of  JiNbO- 
(eT  and  eS,  respectively)  are:  *  82-84.6,  «  28.6-29  [250,  251]. 


According  to  {222} ,  ej^  -  *  58.5,  £^_ 


e35  *  2"5* 


Spontaneous 


polarization  was  estimated  on  the  basis  of  pyroelectric  measurements. 
According  to  [253].  for  LiKbO^  at  room  temperature  Ps  >  SO^IO*1  C/cmJ. 
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According  to  1254],  for  LiTaO^  at  200*C  P  =  65*10'®  C/cm2,  and  according 
to  [255] ,  at  20 ”C  P.  =  (48-S2)*10's  C/cb2. 

tiSbOj  and  LiTaO^  monocrystals  usually  break  up  into  180*  domains, 

observation  of  which  is  possible  by  etching  the  crystals  (2S6-259].  It  is 
stated  [260,  261]  that  lithiua  niobate  monocrystals  can  be  rather  easily 
monodosainized.  One  of  the  methods  of  aonodomainization  is  polarization 
of  the  polydoaain  crystals  at  temperatures  of  the  order  of  1,200°C  with  a 
weak  electric  field  (a  few  V/cm). 

The  elastic  and  piezoelectric  propel *ies  of  LiNbO^  and  LlTaO^  are 
rather  thoroughly  investigated  in  [250,  2S1 ,  262,  263].  According  to  [250], 
the  elastic  constants  of  LiNbO^  at  20°C  are  Sjj  =  0.531*10~12,  s33  =  0.495  * 
x  10'12,  sj4  =  1.48W0*12  =ffi2/dyre,  c^  =  1.925*1012,  c^3  =  2.435*1012, 

*  0.565*1012  dyne/cm2;  according  to  [251],  in  the  20-200°C  temperature 


range  s^  *  0.564[1  ♦  £T  -  20)*1.5*i0',*]*10"12,  2Sj3  +  s44  =  1.39[1  + 

♦  (T  -  20)*2.0*10'k]*10'12,  s^4  =  -0.084*10‘12,  Sj3  =  0.454 [1  ♦  (T  -  20)  * 
x  1.5*10~']*10~12  ca2/dyne,  where  T  is  temperature  in  °C.  According  to 
[263]  the  elastic  constants  of  LiTaO,  at  20*C  are:  Cjj  *  2.298*1012,  c,2  * 

=  0.441*1012,  cJ3  =  0.811*1012,  cJ4  =  0.1G4*1012,  c33  =  2.781*1012,  c44  = 

=  0.968* 101 2 ,  c&£  *  0. 929*10* 2  dyne/ca2.  The  piezoelectric  constants  and 
the  electromechanical  bend  coefficients  of  LiSbOj  [250]  are:  d?1  ~  0.097*10  * 
dJ3  *  0.213*10'*,  d,2  *  0.488*10'*  CGSE,  k3J  =  8.7%,  k.T  *  52.7%,  kJ2  * 

>  24.6%,  k15  =  44.6%,  and  according  to  [251]:  dJ5  *  222[1  ♦  (T  -  20)2.8  x 
x  10'*]*10'8,  d22  =  62.3[1  ♦  (T  -  20)*2.4«10  '‘]*10~e,  d_j  =  2.59[1  ♦ 

♦  (T  -  20)*  11*10  ’’] *10*,  d33  =  48.7[1  ♦  (T  -  20)*2.9*I0',,]*10"*  CGSF., 

k,,  =  2%,  k„,  =  32%,  k_,  =  47%.  The  piezoelectric  elements  of  LiNbO.  were 

31  22  o3  r  a 

studied  for  the  purpose  of  analyzing  the  elastic  properties  of  other 

compounds  at  teayviraturcs  up  to  1,0S0*C  [262].  The  piezoelectric  constants 

and  bond  coefficients  of  LiTaO.  are:  d33  =  0.248*10  *  CGSE,  k33  *  20%, 

kJ5  *  31.1%  t2Sn],  e15  =  2.58,  e,2  =  1.59,  e.j  *  -0.24,  e„  =  1.40  C/m2 

[263].  rhe  principles  of  propagation  of  acoustic  waves  in  lithium  niobate 
crystals  were  erauained  [264-269]  and  extremely  small  attenuation  was  found. 
The  mechanical  Q-factor  of  monodomain  lithium  niobate  Q  ■»  1.681*10*  at 
500  Jfiz  for  longitudinal  waves  on  the  tertiary  axis  [269],  permitting 
lithium  niobate  to  be  employed  in  lag  lines. 

The  refraction  coefficients  of  LiNbG.  and  LiTaO,,  birefringence  and 
their  temperature  and  frequency  dependences  were  analyzed  [248,  270-275]. 


constants 
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At  25  “T  and  X  »  4,200  An  *  2.3033,  n  =  2.4144;  for  X  =  40,000  A,  r.  = 

*  2.0564,  *  2.1193.  Measurements  of  birefringence  as  a  function  of. 

temperature  indicate  that  phase  transitions  to  the  paraelectric  state  in 
lithium  niobate  and  lithium  tantalete  are  second  order  transitions.  The 
electrooptic  effect  of  LiNbO^  and  LiTs.O^  was  investigated  [243,  276-279]. 

The  electrooptic  constants  of  LiNbOj  at  20°C  are  [279]:  r.?3  -  32.2*10"' °, 
r^3  =  10.0*10_1#,  =  6.81*10”'°,  r^j  =  32.6r10"'°  cra/V.  The  piezoelec¬ 

tric  coefficients  of  lithium  niobate  were  studied  [248]  and  it  was  found 
that  the  difference  of  piezoelectric  coefficients  t.  -  n.  diminishes  as 
wavelength  diminisher. 

Several  problems  related  to  the  use  of  the  optic  properties  of 
LiNbOj  for  practical  purposes,  in  particular  the  use  of  LiNbO^  for 

modulating  laser  emission  and  for  generating  optic  harmonics,  are  studied 
in  [280-291].  The  dielectric  dispersion  and  optic  spectra  of  lithium 
niobate  were  investigated  in  [292-295] ,  and  NQR  in  LiNbO^  and  LiTaO^  in 

[296] .  The  subject  of  crystal  growth  is  discussed  in  [257,  261,  297-299]. 
Also  noteworthy  was  an  attempt  to  formulate  a  theory  of  ferroelectricity 
in  i.iNbOj  and  LiTaO^  crystals,  based  on  the  theory  that  they  are  of  the 

ilmenite  type  structure  [300]. 

§3.  Ferroelectrics  with  Tetragonal  Oxygen  Structure  of  Potasso-Tungsten 
Bronze 

Many  compounds  with  the  general  formulas  AB2(>6  and  A^B^O.^ 

crystallize  tn  a  structure  of  the  tetragonal  oxygen  potasso-tungsten  bronze 
type.  The  octahedrons  in  this  structure,  as  in  perovskite,  are  connected 
at  their  vertices  ir  parallel  rectilinear  octahedron  chains.  These  chains, 
however,  are  connected  differently  than  in  perovskite.  Whereas  in 
perovskite  tetragonal  channels  are  formed  between  the  chains  directed  on 
the  c  axis,  in  the  KW-bronze  structure  trigonal,  tetragonal  ar.J  pentagonal 
channels  are  formed  (Figure  19.15).  If  here  the  same  infinite  rectilinear 
chains  of  octahedrons  are  formed  in  the  perovskite  in  directions  perpen¬ 
dicular  to  the  connecting  chains,  these  chains  are  finite  in  the  KW-bronze 
structure  in  these  directions  and  are  not  rectilinear.  They  consist  of 
four  octahedrons  each  and  are  connected  through  an  octahedron,  which  uses 
as  the  bond  with  its  neighbors  sections  of  the  chains  adjacent  to  the 
vertex  (Figure  19.15). 


Figure  19.15.  Comparison  of 
tetragonal  KW-bronze  type 
structure  (b)  with  perovskite 
type  structure  (a) . 
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Table  28.  Certain  Properties  of  Compounds  with  KW-Bronze  Structure 
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KEY:  1.  Compound 

2.  Symmetry 

3.  Lattice  parameters,  A  o 

4.  £  of  polycrystalline  specimens  at  20  C 

5.  Character  of  phase  transition 

6.  Source 

7.  Distinct 

8.  Quite  blurred 

9.  Blurred 

10.  Comment:  P  --  rhombic  symmetry;  T  —  tetragonal 
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In  the  KW-bronze  lattice  the  A  ions  can  theoretically  occupy  three 
spaces  in  the  pentagonal,  tetragonal  and  trigonal  channels  and  thereby  have 
the  coordination  numbers  10  +  S  =  IS,  8  +  4  =  12  and  3  +  6  =  9,, .respectively. 
The  octahedrons  in  the  elemental  nucleus  are  also  different.  As  seen  in 
Figure  19.15,  the  KW-bronze  structure  has  octahedrons  of  more  regular  and 
less  regular  form.  Considering  the  ratio  of  the  number  of  different 
channels  and  the  difference  between  the  octahedrons,  the  crystal lochemical 
formula  of  compounds  with  this  structure  should  be  written  in  the  form 
A^A'jA^*  'BgB^'OjQ  or  A£A"A£'  'B|B"Ojg.  Here  A'  are  ions  occupying  spaces  in 

the  pentagonal  channels,  A"  in  tetragonal,  A"'  in  trigonal,  B'  are  ions 
occupying  octahedrons  of  less  regular  form,  B",  ions  in  more  regular 
octahedrons  (Figure  19.15). 

Characteristically,  nearly  all  compounds  with  the  KW-hronze  structure 
have  in  positions  A  a  greater  or  lesser  number  of  vacancies.  In  practically 
all  these  compounds  the  vacancies  in  the  trigonal  channels  are  unoccupied 
and  the  chemical  formula  often  has  the  form  A6B1c03q*  In  compounds  of  the 

type  AB2Og  (i.e.,  A^B^O^),  t*iere  are  only  five  atoms  for  every  six 

vacancies  in  the  tetragonal  and  pentagonal  channels.  Also  known  are 
compounds  such  as  Sbg  gyNl>206  ~  ^3  33^10°30  ant*  ^r'1‘^>io°27 

with  the  KW-bronze  structure.  These  compounds  are  also  known,  however, 
with  the  structure  in  which  the  vacancies  in  all  channels,  including 
trigonal,  can  be  assumed  to  be  completely  filled:  K^Li^Nb^O^  for  example 

[303).  In  any  case,  of  course,  the  possibility  cannot  be  ruled  out  that 
Li  ions  occupy  the  middle  of  the  oxygen  triangles  in  these  channels 
(similar  to  the  distribution  of  Li  in  LiNbO_)  rather  than  vacancies  with 
coordination  number  9.  " 

The  lattice  parameters  of  a  number  of  compounds  with  the  KW-bronze 
structure  at  20°C,  and  some  information  concerning  phase  transitions  in 
ferroelectrics  with  this  structure,  are  listed  in  Table  28. 

The  geometric  requirements  of  the  KW-bronze  type  lattice  on  the 
ions  that  constitute  it  have  not  yet  been  sufficiently  investigated.  In 
particular,  the  distribution  of  atoms  A*  and  A"  and  vacancies  in  the 
spaces  of  the  various  channels,  and  of  ions  B'  and  B"  in  the  octahedral 
positions,  has  been  studied  little.  Certain  conclusions  are  made  [324] 
about  this  distribution  in  several  compounds  with  the  KW-bronze  structure. 

The  ferroelectric  properties  of  lead  metaniobate  were  discovered  by 
Goodman  [304], 

PbNbjOg  melts  congruently  at  1,343’C  [325],  and  below  this 

temperature  exists  in  one  of  the  two  modifications:  high-temperature 
modification  with  the  KW-bronze  type  structure,  stable  above  1 ,150-1 ,200°C, 
and  low-temperature  rhombohedral  form,  stable  below  1 ,150-1 ,200°C  [326]. 
According  to  Francc'abe  [326],  the  low-temperature  modification  belongs  to 
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the  rhonbohedrully  deformed  perovskite  class  with  elemental  nucleus 
dimensions  a--  6.206  A,  a  *  58°1 8 *  or,  if  regarded  as  pseudocubic,  a’  = 

«  8.664  A,  S  -  88<,30'.  This  modification  lacks  ferroelectric  properties. 

The  modification  of  lead  metaniobate  formed  at  high  temperatures 
exists  at  room  temperature  in  the  metastable  state  and  changes  to  the 
rhombohedral  fora  when  heated  up  to  700°C.  The  high-temperature  modifica¬ 
tion  is  tetragonal  above  570°C  with  *  12.46,  c^,  =  3.907  X,  and  below 

570°C  has  rhombic  symmetry  and  ferroelectric  properties.  On  cooling  below 
S70°C  the  tetragonal  elemental  nucleus  lengthens  on  one  o?  the  diagonals 
of  the  square  base  and  contracts  on  the  other  diagonal.  Here  the  period  c 
becomes  twice  as  large  as  c^..  Using  as  the  new  crystallographic  axes  the 

diagonals  of  the  square  face,  we  obtain  a  rhombic  elemental  nucleus, 
containing  20  units.  According  to  [305],  a  =  17.65  X,  b  =  17.91  X,  c  = 

=  7.73  X.  As  the  temperature  rises,  a  increases  and  b  decreases  so  that 
the  rhombic  distortion  becomes  less,  and  period  c  increases  linearly.  At 
the  phase  transition  a  and  b  decrease  suddenly,  c  increases  sharply  and 
the  volume  of  the  nucleus  decreases  approximately  0.33*  [305] .  The 
coefficient  of  linear  expansion  of  PbNb^O^  is  negative  in  a  wide  temperature 

range,  and  between  570  and  1,000°C  averages  8.8*10~6  1/°C  [504). 

The  optic  properties  and  domain  structure  were  analyzed  cn  flaky 
monocrystals  perpendicular  to  the  c  axis  [305] .  The  refraction 
coefficients  for  A  *  6,703  X  were:  nft  =  2.40  ±  0.01  parallel  to  the  a  axis, 

ng  *  2.43  ±  0.0JI  parallel  to  the  b  axis  and  n^  =  2.60  t  0.01  parallel  to 

the  c  axis.  Examination  of  the  crystal  on  the  c  axis  in  polarized  light 
in  the  extinction  position  revealed  a  set  of  light  narrow  orthogonal  bands 
at  an  angle  of  45°  to  the  a  and  b  axes.  Hence  it  is  concluded  that  planes 
(110)  may  be  tht  planes  of  twinning.  Assuming  that  Ps  coincides  with  the 

b  axis,  the  co~tinuity  of  the  normal  component  of  Pg  on  transition  through 

the  domain  wall  is  ensured  when  the  boundaries  make  an  angle  of  44"35* 
with  the  b  axis.  The  180°  boundaries  obviously  should  be  parallel  to  the 
b  axis.  Above  560°C  the  domain  pattern  vanishes.  Kith  recocling  below 
the  Curie  point,  the  domains  reappear,  but  the  pattern  is  usually  much 
different  from  the  former.  An  attempt  to  change  the  domain  structure  by 
applying  a  field  on  the  a  and  b  axes  failed  to  reveal  any  motion  of  the  90° 
boundaries  in  fields  up  to  5  kV/c®  at  temperatures  up  to  300°C. 

The  permittivity  of  polycrystalline  PbNb^O^  at  20°C  is  '280,  and 

peaks  at  about  7,000  [304].  Above  the  transition  temperature  the  Curie- 
Weiss  law,  with  C  =  2.95*10SoC  and  =  488-S3P°C  [304],  is  valid.  Investi¬ 
gation  oF  the  permittivity  of  nonocrystalline  PbNb^0^  [305,  326]  revealed 

strong  anisotropy.  As  seen  in  Figure  19.16,  e  on  the  c  axis  is  nearly 
independent  of  temperature,  but  on  axes  a  and  b  c  peaks  sharply  at  560°C, 
where  it  reaches  24,000.  c  and  e.  are  lower  than  e  at  low  temperatures, 

and  >  e^.  It  is  concluded  on  the  basis  of  dielectric  measurements  and 
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data  or.  crystal  structure  that  spontaneous  polarization  lie*  in  the  plane 
perpendicular  to  the  c  axis.  By  analogy  with  barium  titanate,  during  whose 
transition  to  the  ferroelectric  state  elongation  of  the  nucleus  and  the 
greatest  reduction  of  e  correspond  to  the  direction  of  spontaneous  polariza¬ 
tion,  it  is  assumed  that  spontaneous  polarization  in  PbNb,0,  occurs  on  the 
b  axis. 


Figure  19.16.  Temperature  dependence  of  permittivity 
of  Eonocrystal  1  ine  PbKb-O,  and  PbTa.O,  .  and 

measured  in  mutually  perpendicular  directions. 

(According  to  Francombe  and  Lewis  [305]  and  Subharao, 
et  al  [309]). 

At  20°C  in  fields  of  -60  k\'/ca  ceramic  lead  ractaniobate  has  dielectric 

hysteresis  loops,  far  from  saturation  [304).  It  was  found  from  these  loops 

that  P  =  0.6* 10-6  C/cn*  anc  F.  >  17  kV/cm.  The  dependence  of  polarization 
res  c 

of  the  sonocrystals  on  field  strength  (up  to  30  kV/ca)  is  slightly  nonlinear. 
Residual  polarization  is  slight.  Using  a  stationary  field  of  20  kv/cn  at 
200-250°C  it  was  possible  to  polarize  ceramic  PbNb?0fc  and  observe  piezo¬ 
electric  properties  [204].  Hie  piezoelectric  modulus  of  this  ceramic 
d^  =  S.l-10  18  C/kg,  the  electromechanical  bond  coefficient  k_,  =  26*  and 

Young's  modulus  c^_  -  6.2* 1011  dyne/cm. 

Orientation  polarization  of  ceramic  Pb\*b,06  was  calculated  in  [327] 

as  a  function  of  the  electric  field  applied  to  the  specimen,  proceeding 

from  the  properties  oi  the  monocrystal  with  consideration  of  1S0°  and  90s 

reorientations.  As  a  result  of  the  calculations  the  form  of  the  basic 

polarization  curves  was  found  for  various  ratios  of  E'  and  F."  (critical 

c  c 

fields,  determining  reorientation  of  180°  and  90°  domains). 

The  ferroelectric  properties  of  lead  metatantalate  were  discovered 
by  Smolenskiy  and  Agranovskaya  [306],  These  authors  did  their  study  in 
the  assumption  of  possible  isostructuring  of  the  metat3ntalate  and  raeta- 
niebate  of  lead.  Subsequent  x-ray  diffraction  analyses  verified  that  the 
ferroelectric  modification  of  PbTa^O^  is  isostructural  to  the  ferroelectric 
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Modification  cf  PoNbjQ^  [309,  328].  The  temperature  of  the  phase  transition 

to  the  ferroelectric  stat*  was  initially  determined  from  the  results  of 
dielectric  measurements  as  240-260°€  [3(j,  307,  309]. 

PbTa^Og,  like  PhNo^O^,  may  exist  in  two  modifications  --  rhombo- 

hedral  non 'orre-etc trie,  formed  only  below  1,150°C,  and  modification  with 
the  SW-br >  :zr  structure,  stable  at  higher  temperatures  [309].  As  pointed 
out  in  ,N5.t  once  formed,  rhombic  PbTa^Og  cannot  be  returned  by  heat 

t'  5^cs.*nt  tu  the  rhombohedral  form.  The  lattice  parameters  of  the  rlombo- 
hedral  modification  are:  a  =  7.147  X,  a  =  94',47'.  The  elemental  nucleus 
contains  two  formular  units. 

At  20eC  [308]  the  ferroelectric  modification  of  PbTa.O,  has  a  rhombic 

o  co 

lattice  with  parameters  a  =  17.605  A,  b  *  17.720  A,  c  *  7.749  A.  According 
to  :3'MJ],  a  -17.68  X,  b  =  17.27  X,  c  =  7.754  X.  The  ratio  b/a  [308]  is 
J.f..*;  according  to  [509],  approximately  1.002,  and  much  smaller  than  that 
or  P.-.C'  ,0,  (1.016).  the  temperature  rises,  period  b  decreases  and 

*  nd  c  aivl  the  volume  cf  the  ..ucleus  increase  [308].  It  follows 
.h c  -ata  that  at  2S0°C  the  lattice  is  tetragonal  (a  *  b) . 

.ccording  to  [329] ,  where  the  positions  of  the  heavy  atoms  (Pb  and 
Ta)  m  PbTa^O^  are  determined ,  the  vacancies  for  lead  correspond  to  voids 

in  the  tetragonal  channels.  Ta  atoms  were  also  observed  to  shift  from  the 
ideal  positions  for  KW-b rents .  It  is  suggested  that  the  doub  -  :r.g  of  para¬ 
meter  c  is  tlie  result  of  the  slope  of  the  oxygen  octahedrons. 

Dilatosev.ric  analysis  of  polycrystalline  specimens  [309,  330]  showed 
that  the  phase  transition  to  the  paraelectric  state  is  accompanied  by  a 
slight  shrinkage  of  volume,  by  virtue  of  which  the  coefficient  of  linear 
expansion  passes  through  %  mnimtea.  This  indicates  ch3t  three-dimensional 
spontaneous  deformation  and,  consequently,  three-dimensional  electro- 
strict  ion  are  positive. 

Optical  analysis  of  oonocrystals  of  the  ferroelectric  modification 
of  PbTa,  0.  [309]  showed  then  to  be  biaxial  rhombic  crystals.  The  largest 

■L  O 

refraction  coefficient  lies  on  crystallographic  axis  [0011.  Twinning  is 
often  observed  in  thin  sections  of  the  crystal,  parallel  to  plane  (00i;. 

The  boundaries  of  the  twin  are  oriented  approximately  along  (110),  but  are 
always  curved  and  irregular.  Birefringence  was  measured  with  an  accuracy 
of  10-i5»  and  the  following  values  *ere  obtained:  n„  -  na  =  0.116,  ny  - 

-  n„  =  0.043.  n  -  n  =  0.0S9.  Hence  the  crystals  are  optically  positive. 

8  *  y  a  ■ 

Analysis  of  birefring"'ce  during  heating  [309]  showed  that  PbTa?0^, 

in  contrast  to  PbKb-O,,  does  not  become  tetragonal  on  transition  to  the 

paraelectric  state,  but  retains  slighr  rhombic  distortion:  at  360®c 


is  still  of  the  order  of  Q.03  and  \he  crystals  are  still  biaxial. 

Twin  boundaries  <110)  do  not  disappear  and  the  twins  retain  the  same 
relative  orientation  in  relation  to  each  other.  Thus,  the  temperature  of 
the  ferroelectric  phase  transition  cannot  be  determined  by  visuui  observa¬ 
tion  of  a  heated  crystal  under  the  microscope.  On  the  basis  of  the 
dependences  of  birefringence  on  temperature  obtained  in  [305'i  it  was 
assured  that  the  ferroelectric  phase  transition  in  PbTa^O^  is  a  second 
order  transition.  *  ' 

The  penaittivity  of  polycrystalline  POTa^O^  is  relatively  low 

(-SOO)  at  20 *C,  and  the  peak  reaches  1,000.  In  the  paraelcctric  region 
t  changes  according  to  the  Curie-Keiss  law  with  the  constant  C  =  6.6*  101*  °K 
1330] . 

At  room  teaperature  e  of  ths  monocrystal  is  -150  on  the  c  axis.  The 
permittivity  perpendicular  to  this  axis  is  usually  300-700,  depending  cn 
the  configuration  of  the  twins  in  the  crystal.  The  permittivity  on  the 
c  axis  depends  little  on  temperature  and  experiences  no  sudden  changes  at 
the  temperature  of  the  phase  transition  (Figure  19.16'.  The  s  in  two 
mutually  perpendicular  directions,  perpendicular  to  t.ii  c  axis,  peaks  at 
265*C.  The  fact  that  e  on  these  two  axes  is  also  different  in  the  para- 
electric  phase  substantiates  that  rhombic  symmetry  is  retained  even  above 
the  Curie  point.  The  permittivity  in  the  direction  yielding  the  highest 
peak  obeys  the  Curie-Keiss  law  with  C  =  l.S*105  “C  and  6  =  237°C  [309]. 

In  the  presence  of  variable  fields  up  to  50  kV/cm  at  room  temperature 
polycry s tall ine  specimens  of  PbTa^  have  distinct,  but  nevertheless  not 

completely  saturated  dielectric  hysteresis  loops.  Spontaneous  polarization 
of  polycrystalline  lead  metatantalate  has  a  value  not  less  than  4*10's  C/ca, 
and  the  coercive  field  —  not  less  than  12  RV/cm  [330].  As  the  temperature 
rises,  the  coercive  field  drops  rapidly,  and  total  polarization  diminishes 
slowly.  Hysteresis  loops  are  seen  in  aonocrystals  (net  completely  saturated 
at  E  »  25  kV/cm)  when  the  field  is  perpendicular  to  the  c  axis.  At  room 
teaperature  Pg  =  (3-10)*lG~6  C/cmJ.  If  the  field  is  parallel  to  the  c  axis 

the  relation  between  oolarization  and  fielu  strength  is  linear  up  to 
15  kV/cm  [3051. 

Coates  and  Kay  [331]  reported  on  the  antifercoelec  ric  properties 
of  PbTa.f0g,  but  this  report  is  erroneous,  apparently  because  of  the  sizable 

deviation  from  the  stoichiometric  composition  during  preparation  of  the 
specimens  [332]. 

The  fact  that  the  phase  transition  in  PbTa206  is  a  second  order  phase 

transition  or  close  to  it,  whereas  in  PbIIb-,0^  it  is  cleaTly  a  first  order 

phase  transition,  is  extrei«ely  interesting.  In  solid  solutions  of 
K(lft>,  Ta)0j  the  transition  also  approaches  the  second  transitions  by 

measure  of  -ubstitution  of  niobium  ions  with  tantalum  ions.  Thus,  there  is 
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reason  to  believe  that  the  phase  transitions  in  tantalates  generally  are 
closer  to  second  order  than  in  the  corresponding  niobates. 

There  is  presently  great  interest  in  the  compounds  K^Li^Nb^Ojp  [303] , 

K-,Sr,Nbj00,0  [314]  tnd  Na^Ba^NbjgQ^  [315].  Monocrystals  of  potassolithiuc 

niobate  are  transparent  from  \  =  4000  to  5000  X.  Its  refraction  coefficients 

are  [303]:  ne  =  2.197,  n°  =  2.326  at  5,320  X,  ne  =  2.163,  n°  =  2.277  at 

6,328  X,  ne  =  2.112,  n^  *  2.208  at  10,640  X.  For  the  point  group  4mm,  to 

which  the  given  crystal  belongs,  optic  polarization  of  the  second  harmonic 

is  determined  through  the  amplitude  of  electric  field  E  and  nonlinear 

coefficients:  P„  =  2X.CE  E  ,  P  =  2X,_E  E  ,  P  =  X„  (E2  +  E2)  ♦  X„E2.  It 
x  IS  x  z*  y  15  y  z’  i  31v  /  yJ  33  z 

is  found  that  of  pot&sso- lithium  niobate  is  18  times,  and  X^j  14  times 

greater  than  of  quartz  and  is  about  the  same  as  of  LiNbO^.  An 

advantage  of  the  given  crystal  over  LiNbOj,  however,  is  its  much  lower 

"optic  fatigue"  —  nonuniforra  refraction  coefficient  during  long-term 
illumination  by  strong  (laser)  light.  The  linear  electrooptic  matrix  is 


characterized  by  the  coefficients  r. 


rSl  and  r33‘ 


It  was  found  that 


!(ne)3r35l  -  7.9*i0~®  cm/V,  and  |(n°)3r13j  *  1.05*10"*  cm/V. 

The  electrooptic  coefficient  of  the  K.,Sr4Nbj0030,  tetragonal  at  20*C, 
is  7  times  greater  than  that  of  LiNbO.  [314].  The  nonlinear  coefficients 
of  the  rhombic  Na^Ba^N'bjpO,^  crystal  are  about  double  those  of  lithium 
niobate  (X3_  is  28,  Xj.,  20  and  X31  23  times  greater  than  Xjj  of  quartz). 

Its  linear  electrooptic  matrix  is  characterized  by  the  coefficients  r._, 
r^,  r,3,  r51  and  r^.  It  was  found  that  [ «*__ ]  =  6.2*10~®,  | n^r ]  = 

=  2.3*10~®,  =  1 .7*10  ®  cm/V.  r.-,  r„_  and  r,T  have  the  same  sign. 

Numerous  studies  have  been  done  on  solid  solutions  with  the  KW-bronze 
structure.  Solid  solutions  based  on  PbNb.,0^  are  described  in  [333-355]. 

SmoU»ns?:iy  and  cowoi'kers  showed  that  although  the  raetaniobatej  of  bariimi, 
strontium  and  potassium  do  not  have  the  KW-bronze  structure,  solid  solu- 
tic=ns  (Ba,  Sr)Nb,06  and  (Ba,  Ca)N’b,0^  hav&  this  structure  and  are  ferro- 

electrics  [356],  The  ferroelectric  properties  of  the  solid  solutions 
(Ba,  U2^3)Nb,0^  and  (Ba,  were  also  discovered  there.  These 

and  other  solid  solutions  based  on  BaNb.,0,  were  later  scrutinized  in 
[348,  357-359]. 

54.  Cadmium  Pyroniobate 

Nainer  and  Wentworth  [360]  reported  a  high  t.  for  cadmium  pyronxobate 
(CdjM^O^) ,  increasing  rapidly  on  cooling  from  room  temperature.  The 
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same  year  Cook  and  Jaffe  demonstrated  that  Cd2Nb2®7  is  a  ferroelectric  [361], 

Cadmium  pyronicbate  has  a  pyrochlore  type  structure  [362,  363],  in 
which  many  compounds  with  the  general  formula  crystallize.  This 

structure  is  characterized  by  oxygen  octahedrons  BC>6,  connected  at  their 

vertices  in  endless  chains.  Here  rows  of  mutually  parallel  chains, 
connected  at  the  vertices,  r It  ornate  with  rows  of  mutually  parallel  chains 
perpendicular  to  the  chains  of  the  first  row  (the  chains  are  packed  by  the 
"polennitsa"  principle).  The  octahedrons  of  the  adjacent  chains  are  also 
connected  together  at  the  vertices  (Figure  19.17).  Conr  *cted  thusly  the 
-0-B-0-  chains  are  zig-zags.  The  framework  formed  out  of  octahedrons  has 
the  composition  (B70g)w.  In  the  spaces  between  the  octahedrons  are  located 

ions  A  and  one-seventr  of  the  oxygen  ions  not  included  in  the  framework  of 
octahedrons.  Consequei  tly  a  cubic  lattice  results,  belonging  to  the 
spatial  group  G7-Fa3m.  CorajKnmds  with  a  pyrochlore  type  structure  can  be 

formed  if  the  geometric  criterion  t  =  0.866  (R^  1  ♦  Rq)/(R^  ♦  R^)  (where 

=  1.03  is  the  radius  of  ion  A  for  k.  ch.  8)  is  from  0.94  to  1.16 

[364]. 

The  cadmium  nyroniobate  lattice  is  cubic  at  room  temperature  with 
a  =  10.372  ±  0.001  X  [365].  Several  phase  transitions  take  place  in 
C-^NbjOy  as  the  temperature  is  lowered,  of  which  the  transition  at  -80-90°C 

is  related  to  a  peax  on  the  curve  e(f),  characteristic  of  ferroelectrics 
[365-369]  (Figure  19.18).  At  temperatures  a  few  degrees  above  the 
temperature  of  the  main  peak  there  is  a  step  on  the  curve  e(T),  which 
probably  is  also  related  to  a  phase  transition  [369-373] .  Described  also 
[371]  are  bends  on  the  curve  e'T)  at  -68,  -47  and  -12*C  and,  corresponding 
to  them,  peaks  in  the  temperature  dependence  of  heat  capacity.  The 
existence  of  these  high-temperature  phase  transitions,  as  will  be  seen 
below,  cannot  be  considered  proved.  At  -188  to  -193°C  there  is  a  "hump" 
on  the  curve  e(T),  which  apparently  is  related  to  a  low-temperature  phase 
transition  [366,  367]. 

X-ray  diffraction  analysis 
bc-low  the  Curie  temperature,  which 
we  will  call  the  temperature  of  the 
peak  on  the  curve  e(T)  at  -80  to 
-90°C,  was  carried  out  in  [365], 

At  -1506C  there  was  no  separation 
of  lines  related  to  lattice  distor¬ 
tion  on  the  powder  patterns  of  poly- 
crystalline  Cd-Nh_0_.  Analysis  of 

1-  »  4-  J 

Cc*  03  wonocrystals  with  the  aid  of  the 

Keissenbevg  chamber  showed  ery 

Figure  i9.17.  Projection  of  weak  splitting  of  some  diffraction 

structure  of  pyrochlore  type  on  maxima,  but  nc  conclusion  could  be 

plane  U10),  reached  concerning  the  structure 
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Figure  19.17.  Projection  of 
structure  of  pyrochlore  type  on 
plane  (110), 


qg..  of  the  ferroelectric  pr.ase.  The 

[  .  only  conclusion  reached  is  that 

R  there  is  displacement  of  cadmium 

|1  ions  in  relation  to  niobium  ions  in 

1 1  the  ferroelectric  phase.  Mono- 

s xe  In  I  crystal  grown  from  Cd2Nb-07  melt 

1 in  Nal',  in  which  some  of  the  CdO 
J  q\  was  substituted  by  NaF,  were 

/111*  Ui  analyzed  in  the  same  work.  The 

'  $  \\\j  iJi  composition  of  these  crystals  could 

A  t  be  ^escr*bad  approximate',  y  by  the 

m  //  \\  “s.rt.i-'Vs.tfo.J- 

/  /  \  N.  These  crystals  had  a  lattice  period 

jfi  \  a  =  10-372  i  °*001  A  at  20°C,  were 

\  also  ferroelectric,  but  had  a  lower 

■/  4  Curie  temperature,  equal  to  -120oG 

pL. _ _ .,i.v^Z^saa=xr^-a=Jg_>-  on  cooling  and  -112°C  on  heating. 

"*7  '  Splitting  of  diffraction  mar.taa 

was  greater  in  these  monocrystals 

Figure  19.1?.  Temperature  dependence  than  in  a  monocr/stal  of  pure 
of  e  and  tan  6  of  hot  pressed  and  Cd,Nh,0,.  This  precluded  the 

ordinary  pci vcrvstal line  specimens,  -  1  • 

and  also  monocrystal  of  Cd,Nb,0,  possibility  of  a  rhombohedral 

2  -  7  structure,  "  he  parameters  a  « 

(ir.  direction  [110])  at  1  kHz  in  a  s  10.378  £  ar1  c/a  s  j.ocil  were 
field  of  40  V/co  (according  to  obtained  on  the  assumption  of  & 

do  Bretteville  [369]).  tetragonal  lattice,  but  the  possi¬ 

bility  of  rhombic  distortion  could 
not  be  ruled  out.  The  authors  conclude  that  if  the  lattice  of  pure 
CdNb20?  is  tetragonal  &t  -150eC„  the  lattice  parameters  will  then  be:  a  = 

*  10.364  X,  c/a  -•  1.000S. 


Analysis  of  Cd>Nb..C7  monocry seals,  pure  and  with  the  impurity  NaF, 

in  polarised  light  [363]  revealed  that  e  transition  occurs  to  a  nnneubic 
phase  in  pure  nonocrystals  at  91eK,  end  in  sonocry  st.nl  s  with  the-  impurity 
HaF  at  123*C.  This  agrees  satisfactorily  vith  the  result"-  of  dielectric 
measurements.  Below  the  Curie  teisperatuic  there  were  no  positions  of 
extinction  or  domain  structure.  At  great  magnifications  many  parallel 
wedges  were  visible  near  the  v.dges  of  the  crystal  faces.  Tney  are  parallel 
to  direction  [211]  and  are  of  the  order  of  1  micron  wide.  A  very  fine 
two-dimensiontl  network  is  visible  in  the  central  part  of  the  flake.  The 
linos  of  the  network  are  perhaps  the  walls  of  very  viny  domains.  That  the 
wedges  are  parallel  to  [211]  apparently  indicates  tetragonal  or  rhombic 
distortion  of  the  lattice.  Birefringence  is  apparently  very  weak,  of  the 
order  of  0,004  [365] . 

The  temperature  dependence  of  the  heat  capacity  c^  of  cadmium 
pyroniobate  was  studied  in  [368].  The  raximura  heat  capacity  was  noted 


at  193. 2°K.  The  latent  heat  of  transition  was  18  ±  2  cal/mole,  and  the 
corresponding  entropy  change  was  9.09  ±  0.01  cal/°X*aole.  According  to 
de  Bretteville  and  Oman  [371],  the  phase  transition  at  -80°C,  corresponding 
to  the  Curie  temperature,  is  related  to  a  heat  of  transition  of  18  cal/mole 
and  the  transitions  at  -76,  -68,  -47  and  -12°C,  to  the  heats:  5.2,  1.2, 

0.75,  0.39  cal/mole,  respectively,  de  Sretteville  [372],  by  calculating 
the  thermodynamic  values  according  to  the  dielectric  properties,  obtained 
5.1  cal/mole  for  the  transition  at  -80°C,  3.2  and  0.73  cal/s.ole  for  the 
transitions  at  -74  and  -60°C.  The  summary  latent  heat  of  these  transitions 
is  9.0  cal/mole,  i.e.,  one-half  the  experimental  value  found  for  the  transi¬ 
tion  at  -80°C.  The  discrepancy  is  attributed  to  the  random  orientation  of 
the  vector  of  polarization  in  polycrystalline  specimens. 

Above  the  Curie  point  £  changes  in  accordance  with  the  Curie-Weiss 
law  [365,  367].  Here  the  constant  C  of  polycrystailine  specimens  varies 
from  4*10l*  to  10*10l,oK,  and  9  from  145  to  175°K.  Ihe  permittivity  :?  the 
monocrystal  with  NaF  impurity  is  859  at  20°C  and  peaks  at  2r,0D.-'  a.  the 
Curie  temperature.  Constant  C  is  1.1*1CS°K,  o  =  177°k. 

It  was  found  [369]  that  the  nonlinearity  of  dielectric  polarization 
of  cadmium  pyroniebate,  determined  by  the  presence  of  the  third  harmonic 
in  the  current  thr  tjgh  the  specimen,  appe^-s  ?t  temperatures  above  L!e 
Curie  point.  Since  the  temperature  at  which  the  third  harmonic  appears 
docs  not  depend  on  field  strength  (from  10  to  200  V/cra)  and  is  close  to 
the  temperature  of  the  step  on  the  curve  e(T),  the  authors  feel  that 
spontaneous  polarization  occurs  with  the  phase  transition  corresponding 
to  the  step.  At  extremely  low  temperatures  nonlinearity  diminishes  and  the 
third  harmonic  vanishes.  At  21*10’  Hz  e  of  polycrystailine  cadmium  pyro- 
niobate  at  20°C  is  ISO  and  tan  6  =  0.002  [369]. 

The  application  of  a  stationary  field  of  5  fcv'/cm  to  nonocrystalline 
Cd^Nb^O,  (grown  from  NaF)  or  to  a  polycrystailine  specimen  displaces  ihe 

Curie  point  toward  higher  temperatures  [365,  370].  Here  it  decreas's. 
both  *elow  and  above  the  Curie  temperature.  At  15  kV/cm,  however,  there 
is  no  further  displacement  cf  maximum  z  of  the  polycrystailine  specimen. 
Only  a  further  reduction  of  £  below  and  above  the  Curie  point  is  noted, 
and  at  the  peak  c  was  practically  constant. 

Dielectric  hysteresis  loops  are  seen  below  the  Curie  point  down  to 
1.2°K.  The  residual  polarization  of  a  polycrystailine  specimen  [361] 
near  -196°C  is  3.2*10  6  C/cra2,  and  in  a  field  of  25  kV/cm  at  100°K  [367] 

Pe  =  I . S* 10” 6  C/cm2.  A  value  of  -6*10-6  C/cm2  was  obtained  for  spontaneous 

polarization  at  -18S°C  in  a  field  applied  along  [ill]  from  the  loops 
obtained  for  a  raonocrystal  grown  from  NaF.  If,  however,  spontaneous 
polarization  is  directed  along  [ 1 00 j ,  it  will  he  *2  rimes  greater,  i.e., 
about  10* 10"e  C/cm2.  Froffi  the  loops  obtained  f >r  a  monocrystal  grown  by 
Shrokbargcr's  method  [3&9],  it  was  found  that  i  r  a  field  parallel  to  [HO] 
at  -140*C,  P^  =  S.l*10'6  C/cm*. 

The  dependence  of  dielectric  polarization  of  polycrystailine 
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on  a  variable  field  was*  analyzed  [370]  for  fields  up  to  60  kV/ca. 

It  was  thereby  established  that  below  the  Curie  temperature,  and  not  v*;ry 
close  to  it  in  fields  of  the  order  uf  20-25  kV/cm,  dielectric  hysteresis 
loops  are  seen,  typifying  ferroelectrics„  with  pronounced  saturation 
(Figure  19.19a).  4s  the  field  increases,-  a  new  strong  increase  in  polari¬ 
zation  occurs  (Figure  19.19b),  and  thee  new  (secondary)  saturation 
(Figure  19.19c)  Figure  19. x9  illustrates  the  hysteresis  loops  at  -1!5°C 
(30°C  below  the  Curie  temperature).  The  loops,  as  seen  in  the  figure,  are 
very  narrow.  Assuming  that  spontaneous  polarization  (Pp  can  be  calculated 

on  the  basis  of  secondary  saturation,  just  as  (Pp  is  calculated  on  the 

basis  of  primary  saturation,  at.  -118°C  (assuming  incomplete  secondary 
saturation.;  P:7P'  >  2.7  [376].  As  the  Curie  tc>»5perature  is  approach ;d 

the  secondary  growth  of  polarization  and  secondary  saturation  are  mani¬ 
fested  in  smaller  fields-  The  function  P(E)  is  also  slightly  nonlinear  in 
some  interval  above  the  Curie  temperazype  [376]. 

Figure  >9.19.  Fora  o 2  dielectric 
h/sturefis  loops  of  poijv-ystal- 
<%vH3io»  nyruniobais  for 
various  variable  field  strengths 
at  -UU°C  (according  Jr.  Isupcv 
and  Skubitskiy  [373]):  a  — 

22. 4;  b  —  it. 6,  e  —  60  kV/cffi. 

The  temperature  dependences  of  total  and  spontaneous  polarization 
and  of  the  coercive  field  of  eadsian  pyroniobate ,  delersdned  in  fields 
E  *  21  *2  kV/cm,  indicate  a  difference  in  spontaneous  polarisa¬ 

tion  determined  in  various  fields,  apparently  related  to  the  fact  that  in 
the  field  =  21.2  k¥/ra  primary  saturation  ss  incomplete  in  the  poly¬ 
crystalline  specimen,  although  this  is  difficult  to  see  by  the  sftaoe  of 
the  loop.  It  is  noteworthy  that  the  values  of  spontaneous  polarization 
(~3.S-m’$  C/ea2}  obtained  in  [37a]  are  close  to  those  obtained  in  [361]. 

In  high  fields  near  the  Curie  temperature  there  are  peaks  of  total 
polarization  and  coercive  field,  attributed  to  the  secondary  growth  of 
polarization  in  high  fields  and  to  some  expansion  of  the  loop. 

The  elastic  and  piezoelectric  properties  of  polycrystalline  specimens 
of  cadmium  pyroniobate  were  analyzed  [373]  by  the  dynamic  method  with  thf 
specimen  placed  siiultaneously  in  a  stationary  biasing  fiei4  in  a  wide 
temperature  range.  It  was  found  thac  a  sharp  minimum  of  Young's  modulus  Y 
on  the  curve  Y(T)  corresponds  to  the  peak  on  the  curve  e(T)  (Figure  19.20). 
Piezoelectric  vibrations  were  also  detected  at  temperatures  above  the 
Curie  point,  and  piezoelectric  vibrations  could  be  observed  in  large  fields 
to  nearly  (TC,  Neither  minima  nor  discontinuities  were  noted  on  the 
curves  e(T)  at  temperatures  above  the  Curie  point.  It  was  discovered  that 
the  depth  of  the  minlsuss  on  the  curve  Y{T)  diminishes  when  the  stationary 
field  is  strengthened  to  7-9  kV/oa  and  then  increases,  and  at  somewhat 
lower  temperatures  there  is  a  level  minimus,  which  is  di spinet J.  toward 
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lower  temperatures  when  the  stationary  field  is  increased.  When  E  =  18.5 
kV/cm  this  displacement  leads  to  a  change  in  the  s?gn  of  curvature  of  the 
low-teraperature  part  of  the  curve.  Piezoelectric  modulus  djj,  measured  in 

bia$ing_field  E  =  1  kV/cm  at  -150°C  is  -0.35- 10"6  CGSE  and  reaches 
-1.2-10'*  CGSE  at  the  peak  near  the  Curie  point  [*73]. 


Figure  19.20.  Temperature  dependence  of  Young's  modulus 
•of  polycrystalline  specimens  of  Cd2Nb207  in  various 

biasing  stationary  electric  fields.  The  numbers  to  the 
left  of  the  curves  indicate  the  strength  of  the  stationary 
field  (in  kV/cm) .  To  avoid  overlapping,  the  curves  are 
displaced  on  the  ordinate  axis.  To  each  field  corresponds 
its  zero  point  on  the  ordinate  axis.  (According  to 
Isupov  and  Skubitskiy  [373]). 

Various  possibilities  are  exaBlusd  to  explain  the  anomalous  dependence 
of  dielectric  polarization  of  Cd2?ib?0,  on  electric  field  strength  (370,  373]. 

It  may  be  assumed  first  of  all  that  cadmium  pyroniebate  has  two 
types  of  domains  with  different  energies  of  fixation.  The  low-energy 
domains  rotate  in  relatively  weak  fields,  forming  a  saturated  hysteresis 
loop.  The  high-energy  domains  are  o.ientcd  only  by  a  strong  field.  As 
the  field  weakens,  elastic  stresses  or  any  other  forces  should  return 
the  domains  to  the  initial  position. 

The  ratio  Py/P*,  however,  is  too  large  to  explain  the  secondary 

growth  of  polarization  of  reori  n?aticns  of  the  90°,  60®,  70®  or  110* 
domains.  It  follows  fiom  x-ray  diffraction  data,  moreover,  that 
spontaneous  deformation  of  the  Cd,Nb207  lattice  is  extremely  low  in  the 
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ferroelectric  region  (c/a  *  1.0005).  That  the  reorientation  of  the  domains 
was  related  to  high  interna,  stresses  with  such  little  deformation  is 
improbable.  To  this  can  be  added  the  fact  that  the  perfect  matching  of 
the  forward  and  reverse  paths  on  the  hysteresis  loop  in  the  region  of  high 
fields  require;,  the  complete  exclusion  of  any  hysteresis  whatsoever  during 
reorientation  of  domains  with  a  high  energy  of  fixation,  which  is  hardly 
accept-ble,  regardless  of  the  domain  structure.  This  explanation,  there¬ 
fore,  should  probably  be  rejected. 

It  may  be  assumed,  secondly,  that  cadmium  pyroniobate  is  a  ferro¬ 
electric  or  ferrielectric  with  spontaneous  polarization  below  the  Curie 

point,  and  changes  in  a  strong  electric  field  to  another  ferro-  or  ferri¬ 
electric  state  with  spontaneous  polarization  py.  As  we  have  already 

indiCwttvl,  at  -118°C  the  ratio  P’j/P^  >2.7.  Since  the  higher  the  temperature 

i»  anu  the  closer  it  is  to  the  Curie  point  the  smaller  the  fields  are  In 
wnich  secondary  growth  and  saturation  of  polarization  appear  on  the 
hysteresis  loops,  the  difference  of  the  free  energies  of  the  state  with 
P’  end  that  with  P"  should  also  diminish  as  the  Curie  point  is  approached. 

Consequently,  two  phase  transitions  should  occur  in  a  rather  strong 

^iectric  field  as  the  specimen  is  cooled  from  high  temperatures:  one  from 

the  paraelectric  state  to  the  state  with  P”  and  one  from  the  state  with  P" 

to  the  state  with  P ' .  s  S 

s 

The  results  of  analysis  of  the  elastic  properties  of  cadmium  pyro¬ 
niobate  [373]  concur  with  the  given  hypothesis.  In  weak  stationary  fields 
there  is  only  one  minimum  on  the  curve  Y(T),  which  corresponds  to  transi¬ 
tion  from  the  paraelectric  phase  to  the  phase.  When  the  field  is 

increased,  two  minima  appear  (Figure  19.20):  3  sharp  at  higher  temperatures, 
which  may  be  related  to  transition  from  the  paraelectric  phase  to  the  PJ.' 

phase,  and  a  level  minimum  at  lower  temperatures,  which  apparently 
corresponds  to  transition  from  the  P”  state  to  the  state.  Hie  blurred 

character  of  the  latter  is  probably  caused  by  the  fact  that  the  specimen 
is  polvcrystalline,  the  grains  are  oriented  variously  in  relation  to  the 
field  and  the  transition  from  one  state  to  the  other  occurs  in  the 
different  grains  at  different  field  strengths.  The  reduction  and  subse¬ 
quent  increase  of  the  depth  of  the  minimum  on  the  curve  Y(T)  (Figure  19.20) 
with  increasing  biasing  field  strength  cannot  yet  be  explained. 

As  regards  the  phase  transitions  in  cadmium  pyroniobate,  three  low- 
temperature  transitions  can  be  considered  certain:  near  -190°C,  the  Curie 
temperature  at  80-90°C  and  the  transition  a  few  degrees  above,  A  report 
[3?1]  of  phase  conversions  at  higher  temperatures  requires  further  checking. 

It  is  noteworthy  that  Megaw  [374],  on  the  basis  of  examination  of 
chains  of  oxygen  octahedrons  in  a  structure  of  the  pyrochlore  type,  also 
concluded  that  cadmium  pyroniobate  possibly  has  ferroelectric  properties. 


It  is  clear  from  the  examined  properties  of  CdjNbj^  t^at  they  are 

extremely  unusual  and  interesting.  In  future  analysis  of  this  compound, 
however,  it  will  be  necessary  to  analyze  monocrystals,  primarily  by  micro¬ 
scopic  investigation  in  polarized  light  with  the  crystal  subjected  to 
strong  electric  fields.  It  is  desirable  here  to  use  variable  fields  and 
stroboscopic  illumination.  Other  properties  of  the  monocrystal,  of  course, 
must  also  be  scrutinized  by  means  of  low-temperature  x-ray  diffraction  and 
neutron  radiographic  analyses. 


Some  reports  appeared  relatively  recently  concerning  new  ferroelec- 
trics  with  the  pyrochlore  type  structure  [216].  The  published  data  on 
Shese  compounds  are  presented  in  Table  29. 


Table  29.  Some  Properties  of  Compounds  with  the  Pyrochlore 


Type  Structure,  Described  in  [216] 

1) 

<topxy.ii 

2) 

CrfXHeTJJB* 

3) 

lUfuxcrpw  punriKX.  .1 

U,r- 

Imiptpo* 
npo*oa-_., 
iioct* 
nptt  2U"  C. 
j  ox-' or* 

! 

:i.  lo-is 

4  •  Id-w 

2  ■  1U-19 
2-iO-U 

PbjBiNhOt  6] 
PliJlnnOe  7' 

I’bjBK.'V*  ,t  e  ! 
I'h.Ui*.  Mo- ,  V. 

1 

MoHminamum 

Teiparyiu*.!*.' 

nac 

‘5ro 

* 

< 

a  —  r=  111.777,  b  —  19.  ii3.  :  = &0’23' 
a  =  (O.OSG.  c  —  lO.Sti 

a  =  10.637,  c  =  I0.7!r/ 
a- 11.262.  r  =  U.«: 

475 

42U 

410 
50 1 

KEY :  1 .  Formula 

2 .  Symmetry 

3.  Lattice  parameters,  X 

4.  Curie  temperature,  °C  _j 

5.  Electrical  conductivity  at  20°C,  ohm  cm 

6.  Monoclinic 

7.  Tetragonal 

8.  Sane 


The  permittivity  of  these  compounds  at  20°C  varies  from  ”*5  to  95. 

These  compounds  have  e  maxima  at  4G0-500°C  [216],  where  t  reaches  120-145. 

No  information  was  given  concerning  dielectric  hysteresis  loops  or  the 
piezoelectric  effect  of  polarized  ceramics.  A  conclusion  concerning  ferro¬ 
electric  properties  was  reached  on  the  basis  of  the  above-aentic.ied  e  maxima 
and  lattice  distortions.  These  results  and  the  conclusions  require  checking. 


§5.  Strontium  lYrotantalatc 


The  ferroelectric  properties  of  strontium  pyrotantalate 

were  discovered  by  Smolenskiy  and  his  coworkers  [375].  The  permittivity 
of  pol verys ta 1 1  .in e  specimens  at  1  kHz  was  100-120  at  20eC  and  increased 
on  cooling,  it  was  found  that  at  temperatures  from  -84  to  -55®C  it  peaks 
to  approximately  170.  At  a  temperature,  which,  for  various  specimens  lies 
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xn  the  range  from  -190  to  -150°C  there  is  a  second  e  peak  [307] .  At  1  kHz 
and  20°C  tan  6  is  0.0007,  and  with  cooling  it  increases,  reaching  0.007  at 
-180®C  [37SJ .  Below  the  temperature  of  maximum  £  are  dielectric  hysteresis 
loops.  At  -170°C  the  polycrystalline  specimen  has  P  =  0.14*10~6  C/cm2 

[376].  Thus,  strontium  pyrotantalate  is  a  ferroelectric  with  Curie 
temperature  of  approximately  -84  to  -5S°C.  The  lew-temperature  peak  is 
apparently  related  to  a  low- temperature  phase  transition.  Near  170°C 
there  is  a  slight  bend  in  the  curve  e(T).  It  is  probably  related  to  yet 
another  phase  transition.  The  linear  expansion  coefficient  of  the  poly¬ 
crystalline  specimen  is  7.4*,0“6  1/°C  in  the  temperature  range  of  -100  to  0°C 
[376] . 


The  crystal  structu**-,  of  Sr^Ta^  was  analyzed  [328].  It  was  found 

that  strontium  pyrotanta1  ,*te  has  a  tetragonal  lattice  with  a  =  10,628  X, 
c  =  10.908  X.  The  lattice  parameters  of  are  close  to  the  lattice 

periods  of  compounds  with  the  pyrochlore  type  structure.  However,  some 
of  the  x-ray  diffraction  patterns  are  radically  differcr'  This  nearness 
of  parameters  to  the  parameters  of  pyrochlore  compounds  is  » iry  likely 
random  only,  and  the  structure  of  strontium  pyrotantalate  has  nothing  in 
common  with  the  pyrochlore  structure. 

The  dielectric  properties  of  several  solid  solutions  based  or. 
strontium  pyrotantalate  were  analyzed  in  [397,  375,  377].  The  phase  transi¬ 
tion  temperatures  of  these  solutions  jump  sharply  when  tantalum  ions  are 
substituted  by  niobium  ions:  the  Curie  temperature  rises  approximately  32° 
per  mole  %  of.Sr_Nb,07.  This  rise  in  the  Curie  temperature  with  identical 

5+  5+  *  *  ' 

Nb  and  Ta  ion  radii  can  be  attributed  to  a  change  in  the  character  of 

chemical  bond  and  great  polarizability  of  the  Nb5*  ion  compared  to  the  Ta5^ 
ion.  The  Curie  temperature  of  (Sr,  solutions  rises  by 

measure  of  substitution  of  strontium  ions  by  barium  ions.  The  low- 
temperature  phase  transition  apparently  shifts  in  the  same  direction  ar 
the  Curie  temperature,  A  slight  discontinuity  on  the  curve  e(T),  seen  in 
strontium  pyrotantalate  near  165°C,  is  transformed  here  into  a  small  peak, 
the  height  of  which  increases,  and  the  temperature  at  which  it  occurs 
decreases  linearly.  In  the  (Sr,  Ca),Ta207  system  the  Curie  temperature 

rises  rapidly  by  measure  of  substitution  of  Sr  ions  by  Ca  ions. 

Thus,  in  solid  solutions  based  on  strontium  pyrotantalate,  as 
strontium  ions  arc  substituted  by  the  larger  barium  ions  with  higher 
electron  polarizability  and  by  smaller  n’.ciua  ions  with  lower  electron 
polarizability  the  transition  temperatures  change  quite  differently  than 
in  ferroelectric  solid  solutions  (Sr,  Ba)TiO„  and  (Sr,  CajTiO,  with  the 

perovskite  type  structure,  where  the  substitution  of  Sr  ions  by  Ra  ions 
raises  the  Curie  temperature,  and  by  Ca  ions  —  raises  the  Curie  temperature 
somewhat  at  first  and  then  lowers  it.  An  attempt  is  made  [376]  to  explain 
this  dependence  of  the  Curie  temperature  on  the  concentration  of  solid 
solutions  by  the  assumption  that  the  phase  transition  in  strontium 
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pyrotantalate  to  the  state  possessing  spontaneous  polarization  is  of  a 
character  intermediate  between  the  ferroelectric  phase  transition  and  the 
buckling  transition.  This  assumption  enables  one  to  understand  the 
dependence  of  the  transition  temperature  on  the  average  dimension  of  A 
ions,  which  is  more  characteristic  of  the  buckling  transition. 

§6.  Ferroelectrics  with  Lamellar  Perovskite-Like  Structure 


Smolenskiy,  Isupov,  Agranovskaya,  analyzing  the  properties  of 
lamellar  compounds  described  by  Aurivillius  [378],  discovered  the  ferro¬ 
electric  properties  of  PbBi2Nb2Og  [379] .  The  discovery  of  the  ferro¬ 
electric  properties  of" one  representative  of  a  large  family  of  lamellar 

compounds,  which  include  compounds 
the  ^es  ABi2B2Og,  A^i^O^, 

J etc.  stimulated  interest  in  the 
v  fir  properties  of  other  '-''rpounds  of 

this  class.  The  dielectric 
properties  and  crystal  structure 
3*1®  of  numerous  compounds  with  a 

'  lamellar  structure  were  analyzed 

concurrently  by  Smolenskiy,  Ispupov 
j.  and  Agranovskaya  [380,  381]  arid 

<>  Ismail zade  [382-384].  Thus,  a 

vast  new  claSS  ferroelectrics 

1  (“AyM  was  discovered.  The  discovery  of 

I  the  ferroeleCtric  properties  of 

■  Y  PbBi2Nb209  also  prompted  a  number 

o— of  foreign  investigators  (Subbarao 

[385-390],  Fang  [391-394],  Van 
Uitert  [395],  among  others)  to 
6  Tq A  i  start  investigating  lamellar 

[  compound  s . 

O  o  Compounds  belonging  to  the 

examined  structural  types  have  a 

®Cs  05;  O  o  common  formula  A  ,Bi_B  0.  The 

n-i  2  n 


...  „  „  are  all  built  on  the  same  principle 

rigurc  1...1.  Crystal  structure  perovskite-1 i wc  lavers,  which  are 

of  lamellar  perovskite-1  ike  formed  by  cutting  'the  cubic  perov. 

compound  CaBi2Ta2Og.  skite  lattice  with  parallel  planes 

(001),  alternating  with  bismuth- 
oxygen  layers  (Figure  19. 21)  [37S]. 

The  thickness  of  the  perovskite-Iike  layers  is  determined  by  the  value  n 
entering  the  chemical  formula:  these  layers,  in  terms  of  their  thickness, 
contain  n  oxygen  octahedra.  By  virtue  of  the  fact  that  the  bisauth-oxygen 
layers  are  parallel  to  planes  (OGl)  of  the  cubic  perovskite  lattice,  the 
structure  of  these  compounds  above  the  Curie  point  is  tetragonal.  As 
follows  from  [3S2],  the  structure  of  AFi,3,0Q  compounds  in  the  paraelectric 


state  is  apparently  described  by  the  spatial  group  D^-I4/mmm. 

Adjacent  perovskite-like  layers  are  displaced  relative  to  each  other 
by  a/vT  in  the  direction  f 1 10] .  The  result  is  that  in  directions  [001] 
segments  of  the  chains  from  octrahedrons  in  terms  of  n  octahedrons, 
connected  at  the  vertices,  alternate  with  segments  of  chains  from  BiOj2 

and  AOj2  cubic  octahedrons,  connected  to  each  other  by  their  faces.  (It 

should  be  pointed  out  that  the  surrounding  of  the  Bi  ion  in  the  bismuth- 
oxygen  layer  can  also  be  regarded  as  a  polyhedron  with  13  vertices,  rather 
th3n  as  a  cubic  octahedron,  with  the  result  that  above  one  of  the  square 
faces  of  the  cubic  octahedron  there  is  yet  another  oxygen  ion.  Naturally, 
it  is  not  any  farther  from  the  examined  bismuth  ion  than  the  ion  at  the 
vertices  of  the  cubic  octahedron). 

From  a  number  of  works  it  follows  convincingly  that  the  total  sub¬ 
stitution  of  Bi‘^*  by  the  trivaler.t  ions  of  the  rare-earth  elements  is 
impossible  in  these  compounds  [388,  396].  As  regards  the  dimensions  of 
ions  A  and  B,  since  they  form  a  perovskite-like  layer  the  same  require¬ 
ment  must  be  imposed  on  them  as  in  the  case  of  the  perovskite  structure, 
but  somewhat  more  rigid.  As  stated  in  [381],  changes  in  the  dimensions  of 
perovskite  nuclei,  which  can  be  distinguished  in  perovskite-like  layers, 
will  lead  to  expansion  or  contraction  of  the  bismuth-oxygen  layers. 
Naturally,  the  possibilities  of  this  expansion  or  contraction  are  unlimited. 


The  geometric  criterion  (tolerance-factor)  t  of  the  perovskite  type 
structure  is  used  [397]  for  determining  the  possiblity  of  the  formation  of 
lamellar  perovskite-like  compounds.  It  is  shown  that  in  such  evaluation 
the  formation  of  the  series  A^  with  A  =  Ba,  Ca,  Pb  and  Bi,  B  =- 

=  Ti  and  Fe,  where  r.  increases  from  compound  to  compound,  is  correctly 

predicted.  It  was  established,  in  particular,  that  in  the  series 

Ba  -Bi.Ti  0,  ,,  where  the  criterion  t  increases  with  the  value  n,  compound 

rt-3  4  n  3n+3  r 

are  formed  only  to  n  =  6.  When  n  =  6,  t  =  0.99.  Hence  it  is  concluded 

that  t  =  0.99  is  the  upper  bound  of  the  values  of  t  at  which  compounds  with 

a  lamellar  perovskite-like  structure  are  formed.  The  low;r  bound  is  found 

to  be  0.87.  Such  an  evaluation  nevertheless  does  net  explain  why  there 

arc  no  zirccnates  with  a  lamellar  structure.  When  Ti  is  substituted  by 

Zr  the  geometric  criterion  of  the  perovskite  structure  obviously  would 

decrease  considerably,  indicating  the  possibility  of  the  formation  of  the 

compounds  Ba^  with  a  rather  large  n.  Such  CMspounds,  however, 

do  not  ftns.  Apparently  it  would  be  correct  to  add  to  the  estimate 
proposed  in  [3S7]  another  estimate  that  compares  the  dimensions  of 
perovskite  nuclei  with  the  optimal  distances  oetween  the  bismuth  and  oxygen 
ions  in  bismuth-oxygen  layers,  for  instance  with  the  aid  of  the  geometric 
criteria: 


+  *o  *m  +  *o 

'***  *A  +  *o'  * 
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The  condition  that  t*  and  t"  must  be  close  to  one  limits  the  sizes 
of  ions  A  and  B,  and  by  the  same  token  the  tension  or  compression  of  the 
bismuth-oxygen  layers. 

Ferroelectrics  with  a  lamellar  perovskite-like  structure  have  a 
rhcmbicaliy  (or  more  complexly)  distorted  pseudotetragonal  structure  below 
the  Cmife  temperature.  Elongation  occurs  on  one  of  the  diagonals  of  the 
square  base  of  the  tetragonal  nucleus,  and  compression  on  the  other.  On 
this  basis  Smolenskiy  and  coworkers  [379]  proposed  that  spontaneous 
polarization  in  this  type  of  compounds  is  directed  parallel  to  the  plane 
of  the  layers  (perpendicular  to  the  c  axis).  Subbarao  [389],  who  found 
the  dielectric  hysteresis  loop  of  bismuth  titanate  raonocrystal  on  the  c 
axis,  concluded  that  the  c  axis  is  the  ferroelectric  axis.  Subsequent 
studies  have  shown  that  the  spontaneous  polarization  of  bismuth  titanate 
lies  nearly  in  the  plane  of  the  layers.  We  will  examine  this  subject  in 
greater  detail  below. 

The  characteristics  of  ferroelectrics  with  a  lamellar  perovskite-like 
structure  are  listed  in  Table  30.  It  is  seen  there  that  when  going  from 
Ba  compounds  to  Sr  compounds,  and  then  Ca,  i.e.,  with  diminishing  radius 
of  the  A  ion,  the  Curie  temperature  increases.  We  will  examine  in  detail 
only  a  few  of  the  ferroelectrics  listed  in  Table  30. 


Table  30.  Ferroelectrics  with  Lamella'**  Perovskitc-Like  Structure 


Compound 


PkSi^ijO, 


BijTutO, 


K«TM>C 


‘i.*. 

BuJJi.Ti.O,, 
Sf -H  i  ,7  LO„ 


3*  a  a^sKSliiii 

HOI 

man 

HnM 

■  iir  ■ 

BvvjS- 

B'oV.  jl 

B,{> 

Ljyjfl 

Ht-T  i  'll 

H {f 

jb 

■  { 

»VV.  1  1 

K**rU 

Curie 


i«p. 


528 — 660 
109-300 
430 

575 — (SO 


530. 
500—450.  830 
439 

70— UO 
310 — 335 
550-800 
870 


675 


375-400 
530- MC 
790 
570 
655 
550 
670 
750 
319 
285 
310 


Source 


379,  308 
381.  383 
381.  3*3 
378,  331,  382 

378 

378,  401 
362.389 
381.  566 
JBt.  -«J.  3* 

331.  383,  369 

331.  3*0 
378.  38? 


3S3,  3S7,  395 


383  ,  383,  386 

388.  398.  .m 

358.  399 
383,  Irt 

5S3.  30 
388.  339 
368.  339 
397.  40! 

333 

366,  389 
3*8.  369 
3S7.  400 
397,  40C 


The  permittivity  of  polycrystal  line  BaBi^Sk-jO^,  measured  at  50C*  kHz, 
is  220-280  at  rooa  tcrar>ei*ature  and  nasses  throueh  a  smooth  maximum  near 


f  pi 
itu 


The  curve  tan  6(T)  has  a  a&ximu.’i!,  the  location  of  which  also  depends  or, 
frequency.  Thus,  dielectric  polarization  is  of  distinctly  relaxation 
character.  Nc  dielectric  hysteresis  loops  were  evidenced  in  the  20-15Q'*G 
temperature  range  in  fields  up  to  60  kV/cm  [381}. 

Solid  solutions  of 

(Ba.  Pb)Bi,Nb,Oa  and  (8a,  Sr)3i„NbJ)- 

[381]  were  analyzed  to  prove  the 
existence  ef  ferroelectric  proper¬ 
ties  in  EaBijNbjO^.  The  temperature 

of  peak  e  in  (Ba,  Pb)Bi,^b20g  rises 

*»y  measure  of  substitution  of  Ba 
ions  by  ?b  icn,  and  the  peak  itself 
becomes  more  distinct,  whereupon 
the  dependence  of  the  temperature 
of  the  peak  on  frequency  decreases. 
(Figure  19.22),  Dielectric 
hysteresis  loops  were  found  in  the 
investigated  solid  solutions  with 
a  concentration  of  25  and  50  mole  % 
PbBi^hb,Og.  The  analogous  phenomena 

are  also  found  in  the  second  system. 
Hence  it  may  be  concluded  that  solid 
solutions  of  these  systems  are 


Fi-^ure  19.22.  Tempura.  :re  dependence 
of  e  and  tan  6  of  sol*c  solutions 
(Pbj  xBax)Bi2Nb209  in  weak  fields  at 

1  kHz  and  of  compound  BaBi2Nb209  at 

1  kHz  (continuous  curves)  and  450 
kHz  (broken  curves).  The  numbers 
near  the  curves  indicate  the  value 
of  x  in  mole  %  (according  to 
Smolenskiy,  et  al  [3811). 


ferroelectrics  and  that  BaBi2Nb20^ 

is  therefore  also  a  ferroelectric. 
The  relaxatior  character  of  its 
dielectric  polarization,  however, 
compels  the  assimption  that  this 
compound  is  a  ferroelectric  with  a 
blurred  phase  transition. 


The  blurring  of  the  phase 
transition  in  BaBi,Nb2Qg  can  bo 

explained  by  assuming  some  of  the  Ba 
ions  get  into  the  bismuth -oxygen  layers,  substituting  Bi  ions,  whereas  some 
of  the  Bi  ions  substitute  Ba  ions  in  the  perovskite-like  layers  [381]. 
Actually,  as  we  have  already  pointed  out,  if  all  Ba  ions  (R  =  1.38  X)  are 
located  in  a  perovskite-like  layer,  and  all  Bi  ions  (R  =  1.20  X)  are  in  a 
his^ith-oxygen  layer,  the  lattice  should  have  large  deformations:  elongation 
of  the  bismuth-oxygen  layers  and  compression  of  the  perovski ve-like  layers 
perpendicular  to  the  c  axis.  This  is  clearly  seen  bv  comparing  the  dimen¬ 
sions  of  the  elemental  nucleus  cf  BaTiCT  (a  =  3.986  X;  c  *  4.026  X)  and  the 

period  aT  -  3.912  X  of  the  compound  Ba8i7Kb^0y.  The  migration  of  sose  of 

the  Ba  ions  to  the  bismuth-oxygen  layers  and  of  some  of  the  3i  ions  to  the 
perov«kite-like  layers  should  reduce,  but  net  completely  eliminate, 
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compression  of  the  perovskite-like  layers.  The  random  distribution  of  Ba 
ions  migrating  into  the  bismuth-oxygen  layers  and  cf  Bi  ions  crossing  over 
into  the  perovskite-like  layers  leads  to  blurring  of  the  phase  transition 
in  the  nodes  of  these  layers  and  to  dielectric  polarization  of  relaxation 
character  [iSl] . 

The  gradual  substitution  of  Ba  ion  in  solid  solutions  by  Pb  ions 

causes  the  average  radius  of  the  divalent  ion  to  decrease  (for  Pb^+  R  = 

*  1.26A);  t at  cause  of  the  redistribution  of  icns  is  apparently  eliminated 
little  by  little  and  the  concentration  of  divalent  ions  in  bismuth-oxygen 
layers  and  of  Bi  ions  in  the  perovskite-like  layers  decreases  [381].  Here 
the  blurring  of  the  phase  transition  decreases  correspondingly  and 
dielectric  polarization  gradually  loses  its  relaxation  character. 

The  high  perruittivity  of  bismuth  titanates  has  long  been  known 
[336,  402].  The  ferroelectric  properties  of  Bi^Ti^O^  were  discovered 

independently  and  almost  simultaneously  by  various  researchers:  in  the  USSR 
Smolenskiy  and  coworkers  [381]  discovered  dielectric  hysteresis  loops  in 
polycrystalline  Bi^Ti^O^,  and  Ismailzade  [383]  —  phase  transition  from 

the  rhombic  to  tetragonal  phase.  Abroad  Subbarao  1387]  and  Van  Uit«*Tt  and 
Egertcn  [395]  discovered  and  quite  thoroughly  analyzed  the  ferroelectric 
properties  of  this  compound. 

Bi^Ti^O^  aonocrystals  are  thin  flakes,  like  mica,  readily  separating. 

The  c  axis  is  perpendicular  to  the  plane  of  the  flakes.  The  permittivity 
in  the  direction  of  the  c  axis  is  110-220  at  20°C  [395,  403).  Investiga¬ 
tions  in  polarized  i-ght  [389,  395,  402]  showed  that  the  crystals  have 
twinned  regions  and  the  twins  are  shaped  like  thin  strips  parallel  or 
perpendicular  to  ezch  other.  Often  the  twins  are  spindle-shaped,  starting 
or  ending  at  the  middle  of  the  crystal.  Twin  boundaries  like  at  an  angle 
of  45°  to  extinction  and  are  parallel  to  the  a  axes  of  the  paraelectric 
phase  [3S9] .  The  optical  illurainer.ee  of  adjacent  regions  differs  and 
changes  (dark  regions  become  light  and  conversely)  when  the  crystal  is 
rotated  4°  with  crossed  nicols.  The  application  of  3  stationary  f'eld  to 
the  crystal  on  the  c  axis  did  not  cause  any  notable  motion  of  twin 
boundaries  [395,  403].  In  a  variable  field  and  in  stroboscopic  light, 
however,  there  was  notable  motion  of  some  of  them  [3951.  Birefringence 
vanishes  at  643°C  [395]. 

In  a  field  parallel  to  the  c  axis  the  hysteresis  loop  is  well 
expressed,  but  is,  as  a  rule,  asyimaetric.  After  "conditioning"  of  the 
crystal  in  a  variable  field  v.he  loop  becomes  syaeaetric  and  nearly 
rectangular.  Spontaneous  polarization,  determined  on  the  basis  of  these 
loops,  varies  from  (1.5-2)»10~6  C/m2  [402]  to  (3-3.5)*10~s  C/cm 1  [389, 

395],  As  pointed  out  in  [404-406],  Bi^Ti^O^  has  some  threshold  field, 

below  which  dielectric  hysteresis  loops  do  not  appear.  Double  loops  nay 
cccur  in  higher  fields  and  ordinary  loops  in  even  higher  fields.  In  this 
connection  the  authors  consider  the  question  of  the  existence  of 


-  59>  - 


ferroelectric  and  antiferroelectric  phases,  and  in  many  cases  speak  of 
ferroelectricity  in  bismuth  titanate. 


An  analysis  of  e  on  the  c 
axis  of  monocrystalline  Bi^Ti^O^ 

and  perpendicular  to  it  was  con¬ 
duced  in  [407] .  It  was  disclosed 
here  that  a  sharp  e  peak  occurs  at 
the  Curie  point  only  perpendicular 
to  the  c  axis  (Figure  19.23), 
Processes  of  repolarization  of 
Si^TijO^  and  tne  effect  of  a 

stationary  field  on  the  hysteresis 
loops  were  studred  in  [408,  40^] . 

Very  noteworthy  in  terms  of 
understanding  the  phenomena  that 
occur  in  bismuth  titanate,  are  the 
works  of  Cummins  and  Cross  [410, 
411].  It  is  j.buwn  in  these  works 
that  when  the  plane  of  the  crystal 
is  rotated  10-15°  in  relation  to 
the  plane  of  the  microscope  stage 
it  becomes  possib  e  to  see  ferro¬ 
electric  domains.  These  domain 
walls  are  seen  together  with  the 
twin  network  observed  in  preceding  works.  The  walls  of  the  domains  are 
displaced  by  an  electric  field  applied  along  the  b  axis.  Hysteresis  loops 
were  found  in  direction  b  with  a  coercive  field  of  SO  kV/cm  and 

*  30*10"*  C/cm2.  Spontaneous  polarization  on  the  c  axis  was  = 

S  4*10"*  C/ca2.  Hence  Cummins  and  Cross  conclude  that  Bi.Ti.O,.,  has  mono- 

*♦  '  t4 

clinic  sywoetry  (point  group  m),  that  spontaneous  polarization  exceeds 
30*10~6  C/cm2  and  lies  at  an  angle  of  -  °  to  the  plane  of  the  crystal,  and 

fcl 

that  reversal  of  the  direction  of  the  component  P^  on  the  c  axi_  zs  not 
accompanied  by  a  change  in  the  sign  of  P^  ; . 

§7.  Barium  Aluair.ate  (BaAl^O^) 


t  *eo~  «w  vr 


Figure  19.23.  Temperature  dependence 
of  ec  (a)  and  eab  (b)  of  Bi4Ti4012 

monocrystal  (according  to  Kraynik, 
et  al  [437]) . 


The  ferroelectric  properties  of  BaL^Al^^x^x^^x  monocr>'3ta*s 

with  x  from  0.15  to  0.30,  the  Curie  temperature  of  which  lies  in  the  range 

from  127  to  153°C,  and  which  have  a  hexagonal  lattice  with  a  =  10,44,  c  = 

*  8.77  X,  were  described  in  [412].  Spontaneous  polarization  was  found  on 

the  hexa*  ».  1  axis  c.  Hysteresis  loops  were_far  from  rectangular. 

Spontaneous  polarization  varied  from  0.08*10"s  to  0.15*10  6  C/cm2,  the 

coercive  field  from  4.7  to  20.1  kV/cm.  P  and  E  decrease  on  heating  and 

sc 

vanish  at  the  transition  point.  Permittivity  ec  varies  from  :0  to  14  a* 


room  temperature.  The  ratio  of  e  at  the  peak  to  e  at  20°C  varies  from 
1.27  to  1.68. 

It  is  presumed  [412]  that  these  crystals  have  the  BaAl.O^  structure 

with  doubled  parameter  a  (for  BaAljO^  a  =  S.209,  c  =  8.761  A  [413]).  It 

follows  from  [414],  however,  that  the  parameter  a  of  BaAl^O^  is  doubled, 

so  that  we  may  assume  that  the  structure  of  the  ferroelectric  crysta’s 
produced  in  [412]  is  the  same  as  that  o x  barium  aluoinate.  According  tc 
[413]  the  symmetry  of  BaAl^O^  is  described  by  the  centrosymmctric  spatial 

group  D^-C6j2.  Apparently,  if  BaA^O^  is  also  a  ferroelectric  its  para- 

electric  phase  will  be  characterised  by  this  spatial  group. 

In  contrast  to  the  ferroelectrics  examined  above,  the  lattice  of 
BaA^O^  is  built  up  of  AiO^  tetrahedrons  connected  at  the  vertict  *  and 

forming  an  endless  three-dimensional  framework.  Barium  ions  are  located 
in  the  spaces  of  the  framework  [413],  and  they  have  the  coordination 
number  nine:  six  oxygen  ions  form  the  top  and  bottom  faces  of  the  poly¬ 
hedron,  three  —  the  relatively  large  equatorial  triangle. 

The  existence  of  ferroelectric  properties  in  barium  aluminrte  has 
not  vet  been  prove!  conclusively. 

§8.  Molybdates  of  Rare-Earth  Elements 

The  ferroelectric  properties  of  gadolinium  mclybdate  Gd.,(?-ioC>4)3 

were  reported  in  [415].  Gadolinium  molybdate,  doped  with  neodymium 
(Gd0  03^2^oC4^3’  w*t*1  t*ie  point  159°C,  operated  as  a  laser 

crystal  at  -138  and  25°C.  A  light  beam  can  also  be  modulated  by  an 
electric  field  with  the  aid  of  ferroelectrics  containing  paramagnetic  ions. 
So  far,  however,  such  modulation  has  not  been  achieved. 

The  compound  Gd2(Mo04)^  has  a  pseuaotetragonal  (rhombic)  nucleus, 

belonging  to  the  spatial  group  C[sub-  and  superscripts  il legible] -Pba2, 
a [illegible  sign]b  -  10.40  and  c  =  10.66  A  [415],  Examination  of  the 
crystal  in  polarized  light  on  the  c  axis  reveals  two  families  of  mutually 
perpendicular  domain  boundaries.  The  boundaries  lie  at  an  angle  45s  to  the 
a  and  b  axes  On  heating  to  159°C  they  disappear,  and  on  cooling  reappear. 
The  permittivity  is  ec  =  10  and  peaks  at  the  Curie  point.  Spontaneous 

polarization,  determined  according  to  the  hysteresis  loops  in  a  field 
parallel  to  the  c  axis,  drops  on  heating  and  vanishes  at  IS9°C.  Data  are 
listed  in  Table  31  on  the  molybdates  of  certain  rare-earth  elements 
according  to  16,  417].  The  growth  of  monocrystals  of  these  molybdates 
(by  Chokhral 'skiy's  method)  is  described  in  [418]. 
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Table  31.  Characteristics  of  Certain  Rare-Earth  Molybdates 
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KEY:  1.  Compound 

2.  Parameters  of  pseudotetragor.al  nucleus  [417],  A 

3.  Dielectric  characteristics  [410] 

4.  Temperature  at  which  dielectric  properties  were  measured 


5. 

6. 


■10*  C/cm2 
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§3.  Ferroelectrics  of  the  Type  YMnO, 

Ferroelectrics  of  the  YMnO^  type  crystallize  in  a  hexagonal  structure 

[419-428].  Spontaneous  polarization  of  the  order  of  (4-5)*10~6  C/cm2  occurs 
on  the  c  axis.  These  ferroelectrics  have  anti  ferromagnetic  properties  at 
low  temperatures.  These  properties  were  already  discussed  in  Chapter  18. 
Therefore  we  will  not  examine  them  in  this  section.  We  will  point  out 
simply  that  the  low-temperature  modifications  of  the  aluminates  of  yttrium 
ar.d  certain  rare-earth  elements  also  have  a  hexagonal  structure  with 
a  =  3.7  A  and  c  =  10.5  X  (the  high-temperature  modifications  of  these 
compounds  have  a  structure  of  the  perovskite  type)  [429] .  It  is  presumed 
that  at  temperatures  above  the  Curie  point  ferroelectrics  of  the  type  YMnO^ 

Have  the  lattice  of  the  low-temperature  modification  of  YAIO^.  The  lattice 

of  Tt.MO^,  as  that  of  YMnO^  (Figure  18.4),  is  constructed  of  trigonal 

bipyramids  of  BOg,  connected  together  by  the  vertices  of  the  equatorial 

■triangular  section  of  the  bipyraraid  in  flat  networks  perpendicular  to  the 
c  axis.  These  layers  of  bipyramids  are  separated  from  each  other  by  the 
planes  of  yttrium  ions.  The  ions  of  the  rare-earth  elements  or  of  yttrium 
are  suriounded  by  eight  oxygen  ions.  This  environment  can  be  represented 
as  an  octahedron,  near  which  are  two  oxygen  atoms,  one  above  ♦'he  top  face 
and  one  below  the  bottom  face.  In  contrast  to  the  perovskite  type  structure 
the  lattice  of  hexagonal  YAIO^  and  YMnO^  does  not  have  the  chains 

-0-A1 -0-A1-0  or  -O-Mn-O-Mn-O-  on  the  c  axis.  There  are,  however,  -O-Y-O-Y-G 
chains  on  the  c  axis. 
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§10,  Compounds  with  Boracite  Type  Structure 

Compounds  with  th'  general  formula  where  Me2*  =  Mg,  Ni, 

Co,  Fe,  Zr.,  Cd,  Cu  and  Cr,  and  X*  =  Cl ,  Br  and  ),  possess  a  boracite  type 
structure.  This  structural  type  derived  its  name  from  the  mineral  boracite 
MgjB^013<  The  phase  transition  from  the  low-tesperature  modification  to 

the  cubic  high-temperature  modification  occurs  in  this  compound  at  2»5°C 
[430].  For  the  cubic  modification  a  =  12.1  X,  the  nucleus  contains  8  units 

c  _ 

c\r*d  t*»*  spatial  group  is  Tj-F43c.  The  low- temperature  modification,  the 

result  of  weak  distortion  of  the  cubic  lattice,  has  rhombic  symmetry  with 
a  =  8.54,  c  »  12.0  A.  The  nucleus  contains  4  units.  The  spatial  group  is 

4-pc. 

An  idea  of  the  distribution  of  atoms  in  the  lattice-  of  the  high- 
teaperature  modification  of  boracite  can  be  gained  from  Figure  19.24,  which 
illustrates  one-eighth  of  the  cubic  elemental  nucleus,  constructed 
according  to  the  data  in  [430] .  The  vertices  of  the  cube  are  occupied  by 
chlorine  ions,  which  are  surrounded  octahedrally  by  magnesium  ions.  The 
magnesiJtm  ions,  occupying  the  middle  of  the  edges,  form  a  cubic  octahedron. 
The  boron  ions,  located  at  the  center  of  the  faces  of  the  cube,  form  an 
octahedron.  On  the  edges  of  this  octahedron  are  oxygen  ions,  which  divide 
the  distance  from  one  vertex  of  the  octahedron  to  the  other  as  1/3: 2/3. 

Thus,  the  oxygen  ions  fora  8  oxygen  triangles.  Four  of  these  triangles 
are  centered  by  boron  ions  (in  the  figure  --  the  left  front  and  right  rear 
top  faces  of  the  octahedron,  and  also  the  right  front  and  left  rear  bottom 
faces) .  Tlic  four  boron  ions  located  in  these  triangles  form  a  tetrahedron 
around  the  oxygen  ion  located  at  the  center  of  the  cube.  These  boron  ions 
are  displaced  somewhat  from  the  plane  of  the  triangle  in  the  direction  of 
the  central  oxygen  ion  (this  enabled  the  authors  [430]  to  talk  about 
trigonal  BOjO  p/ramids) .  However,  the  approach  to  examination  of  the 

structure  througn  5>0^  triangles  is  more  convenient  and  no  less  correct,  if 

the  displacement  of  the  boron  ion  from  the  plane  of  the  triangular  ring  is 
borne  in  mind.  Die  elemental  nucleus  is  obtained  from  the  cubes  shown  in 
Figure  19.24  by  translating  them  a/2  in  directions  [100],  [010]  and  [001] 
and  rotating  them  ir/2  around  ihese  axes,  .he  Mg  ions  are  located  in  the 
elongated  ClO^Cl  octahedrons,  where  the  0  ions  form  a  nearly-  square 

rectangle,  the  plane  of  which  is  perpendicular  to  the  direction  Cl -Cl. 

Four  boron  ions  are  located  in  the  oxygen  triangles  and  three  in  the  oxygen 
tetrahedrons . 

It  is  useful  to  consider  the  boracite  type  structure  as  ClMg^ 
octahedrons  connected  at  the  vertices  in  the  same  manner  as  TiO^  octahedrons 

are  connected  in  the  perovskite  structure.  All  other  atoms  are  located  in 
the  spaces  between  the  ClMg^  octahedrons  and  perhaps  in  the  initial  examina¬ 
tion  of  ferroelectric  phenomena  they  can  be  viewed  temporarily  as  complex 
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(fc,0lt)  ions.  Then  the  fonnuia  of  boracite  can  be  written  the  same  as  fo-- 

f  I j  p  2^ 

perovskites  in  the  form  ABC^,  where  A  =  B  =  Cl”,  C  =  Mg^  . 


#«  O0  •* 

Figure  19.24.  Boracite  type  crystal  structure  (one- 
eighth  of  elemental  nucleus) . 

The  distance  Mg-Cl  in  the  octahedron  is  a/4  =  3.02  X.  The  sum  of  the 
ionic  radii  of  Mg2+  and  Cl"  is  0.74  ♦  1.81  =  2.55  X.  Thus,  ionic  polariz¬ 
ability  of  Cl"  should  be  exceptionally  high.  After  substitution  of  chlorine 
by  bromine  the  sum  of  radii  becomes  0.74  +  1.96  =  2.70  X,  and  after  substi¬ 
tution  by  iodine  —  0.74  ♦  2.20  =  2.94  X.  Here  the  ionic  polarizability  of 
the  halogen  decreases  sharply,  which  should  lead  to  a  lowering  of  the  phase 
transition  temperature.  It  is  clear  from  Table  32,  where  ths  character,  sties 
of  several  compounds  of  the  boracite  type  structure  are  listed,  that  the 
substitution  of  chlorine  by  bromine  and  iodine  is  actually  associated  with 
a  substantial  reduction  of  the  phase  transition  temperatures.  The  only 
exception  is  Znl-boracite.  Boracites  with  Cd,  Zn  and  N5n^+  ions  and  high 
electron  polarizability,  have  the  maximum  T  . 

The  temperature  depeiylence  of  e  and  tan  5  of  certain  compounds  '.‘it it 
the  boracite  structure  is  illustrated  in  Figure  19.25  [434].  Here  we  see 
that  the  permittivity  is  low  (of  the  order  of  10) .  The  temperatures  of  e 
peaks  correspond  to  the  phase  transition  temperatures.  In  electr, j  fields 
Ni^O^Cl,  at  temperatures  10°C  below  the  transition  point ;  display  motion 

of  domain  walls  [434],  Thus,  the  phase  transitions  are  transitions  from 
the  nonpolar  phase  to  the  polar  phase.  According  to  [435]  several  boracites 
(FeCl-,  FeBr-,  Fel-,  C1C1-,  ZnCl-boracites)  have  a  low-temperature  phase 
transition  from  the  rhombic  phase  to  rhomhohedral .  The  various  properties 
of  boracites  arc  also  examined  ir»  [436-440] , 
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Figure  19.25.  Temperature  dependence  of  permittivity 
and  tan  5  of  various  boracite  monocrystals  (Ascl-er 
[434]).  a  —  Ni^ByOjjCl  in  direction  [100]  at  48  MH?.; 

b  —  C.OjI^Oj.jBr  in  direction  [112]  at  100  kHz;  c  — 

COjB^OjjI  in  direction  [111]  at  50  kHz,  in  relative 

units. 

Table  32,  Parameters  of  Pseudocubic  Lattice  and  Phase  Transition 
Temperatures  of  Compounds  with  Boracite  Structure 
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§11.  Ferroelectric  Chalcohalides  of  Antimony  and  Bismuth 

‘he  feiroelectric  properties  of  the  crystals  of  compounds  of  the 
type  SbSI,  where  instead  of  antiracny  bismuth  may  also  be  used,  instead  of 
sulfur-selenium,  instead  of  iodine  --  other  halogens,  were  described  in 
[441,  442].  The  rystal  lattice  has  rhombic  symmetry,  both  in  the  para- 
electric  and  in  the  ferroelectric  phases.  The  lattice  parameters  at  room 
temperature  and  at  the  Curie  temperature  [441,  443]  are  presented  in  Table  33 
The  c  axis  is  the  ferroelectric  axis. 


Table  33.  Lattice  Parameters  and  Curie  Temperatures  of 
Ferroelectric  Chalcohalides 
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The  elemental  nucleus,  described  according  to  Donges  [443]  by  the 
spatial  group  D^-Pnam  and  characteristic  of  the  paraelectric  phase,  is 
illustrated  in  Figure  19.26.  The  lattice  is  constructed  of  SbS  I,  poly¬ 


hedrons  . 


4*4 

Sulfur  ions  are  located  at  the  vertices  of  the  triangular  pyramid, 

inside  which  lies  the  SbJ+  ion.  The 
iodine  ions  fora  a  rectangle,  the 
plane  of  which  lies  between  the 
antimony  ions  and  the  more  distant 
sulfur  ions.  In  this  way  irregular 
polyhedrons  with  8  vertices  are 
formed.  They  are  connected  by  their 
vertices,  faces  and  edges  so  that 
on  the  c  axis  are  formed  channels 
with  walls  constructed  of  negatively 
charged  iodine  and  sulfur  ior.s,  and 
positive  antimony  or  bismuth  ions 
are  located  in  the  channels. 


Figure  19.26.  Crystal  structure 
of  SbSI . 


The  permittivity  of  SbSI  or  the  c  axis  passes  through  a  sharp  peak 

at  the  transition  point:  e  =  (1-5) •lO*.  There  are  small  discontinuities 
r  max 

on  the  curve  ec(T)  in  the  210-230°K  region,  and  also  near  160°K  [444]. 

Perpendicular  to  the  c  axis  e  is  ~25  [445].  Spontaneous  polarization  at 
0*C  is  25*10'*  C/ca2,  the  coercive  field  is  -100  V/cm  [445].  The  piezo¬ 
electric  properties  of  SbSI  are  analyzed  in  [446.  4471.  The  piezoelectric 
modulus  d^3  in  the  peak  near  the  Curie  point,  i.e.,  near  room  temperature, 


reaches  127*10  CGSF. 


The  coefficient  of  the  electromechanical  bond  k„, 

a3 


reaches  90%  near  the  transition  temperature,  and  near  0°C  is  equal  to 
75-33%  and  changes  little  on  cooling  [447].  SbSI  is  characterized  by  a 
large  hydrostatic  piezoelectric  modulus  d,  ,  reaching  ~45*10-6  CGSE  at  the 
peak  [446]. 

The  very  interesting  phenomena  in  SbSI  and  isomorphic  crystals  were 
discovered  and  thoroughly  analyzed  by  Fridkin  and  his  coworkers,  and  also 
by  a  number  of  other  Soviet  researchers  [448-466].  It  was  shown  [448] 
that  the  presence  of  a  relatively  high  concentration  of  nonequi librium 
carriers  in  ferroelectric  semiconductors  makes  it  essential  to  take  into 
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account  the  free  energy  of  the  electron  subsystem  in  the  expansion  of  the 
free  energy  of  the  crystal  in  terms  of  P: 

f  -  f%  +  +  y  t*  +  . . .  +  »E,  (P). 


where  n  is  the  concentration  of  nonequi librium  carriers,  determined  by 
photoconductivity,  and  E^  is  the  width  of  the  forbidden  zone.  The  conclu¬ 
sion  is  drawn  fro®  thermodynamic  examination  that  the  width  of  the 
forbidden  zone  should  depend  on  the  temperature  and  pressure  in  the  vicinity 
of  the  phase  transition  in  SbSI.  This  conclusion  was  confirmed  experi¬ 
mentally  in  [463],  where  the  change  in  the  width  of  the  forbidden  zone 
associated  with  changing  pressure  and  temperature  was  recorded  on  the  basis 
of  the  displacement  of  maximum  photocurrent,  which  in  SbSI  fits  on  the 
edge  of  natural  absorption.  The  width  of  the  forbidden  zone  remains 
constant  in  the  ferroelectric  phase  up  to  250  atm.  It  decreases  as  hydro¬ 


static  pressure  is 


3E 


further  increased,  and  (-g-S-)^ 


-(1.3  *  0.3)  *10”'*  eV/atra, 


but  at  pressures  above  1,000  atm  it  again  changes  little.  The  dependence 
on  pressure  is  slight  in  the  paraelectric  state.  The  width  of  the  forbidden 
zone  decreases  as  the  temperature  rises,  and  rapidly  in  the  phase  transition 


3E 


region,  where  (*-&)  =  -(20  ±  4)*10~1'  eV/deg. 

dp  p 


The  displacement  of  the  Curie  temperature  of  SbSI  during  illumina¬ 
tion  of  the  crystal,  predicted  by  Fridkin,  is  experimentally  proved  (450, 
453]: 


ar*“  *(i  e,r- 


a. 


where  is  the  jump  of  spontaneous  polarization,  C  is  the  Curie-Weiss 

constant.  The  direction  of  displacement  of  T£  is  determined  by  the  sing 

of  AF.  .  It  turned  out  that  during  illumination,  which  causes  n  to  grow 
8 

two  orders  of  magnitude,  the  Curie  temperature  drops  1°C.  The  displacement 
is  noninertial  in  relation  to  the  turning  on  and  off  of  the  light. 


The  character  of  the  temperature  dependence  of  permittivity,  the 
presence  of  a  jump  in  spontaneous  polarization,  the  existence  of  sharp 
phase  boundaries  between  the  paraelectric  and  ferroelectric  phases  in  the 
vicinity  of  the  phase  transition  indicate  that  the  ferroelectric  phase 
transition  in  SbSI  is  a  first  order  transition. 


Many  works  have  been  published  pertaining  to  analysis  of  the  optical 
and  semiconductor  properties  of  SbSI  and  isomorphic  ferrnelcctrics 
[449,  451-453,  457-460,  462-472],  analysis  of  changes  in  the  crystal 
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